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Abstract

We investigated the influence of spontaneous gut leakage
upon polymicrobial sepsis in a lupus model with Fc gamma
receptor lIb-deficient (FCGRIIb-/-) mice aged 8 and 40 weeks,
as representing asymptomatic and symptomatic lupus, re-
spectively. Spontaneous gut leakage, determined by (i) the
presence of FITC-dextran, (ii) elevated serum endotoxin, and
(iii) elevated serum (1—3)-B-D-glucan (BG), was demonstrat-
ed in symptomatic lupus but notin the asymptomatic group.
In parallel, spontaneous gut leakage, detected by elevated
serum BG without fungal infection, was demonstrated in pa-

tients with active lupus nephritis. Gut leakage induced by
dextran sulfate solution (DSS) or endotoxin administration
together with BG or endotoxin alone, but not BG alone, en-
hanced the severity of cecal ligation and puncture (CLP)
sepsis more prominently in 8-week-old FcGRIIb—/- mice.
Additionally, the bone marrow-derived macrophages of
FcGRIlb-/- mice produced higher cytokine levels when
coexposed to endotoxin and BG, when compared to wild-
type mice. In summary, spontaneous gut leakage was dem-
onstrated in symptomatic FcGRIlb-/- mice and the induc-
tion of gut permeability worsened sepsis severity. Gut trans-
location of endotoxin and BG had a minor effect on wild-type
mice, but the synergistic effect of BG and endotoxin was
prominent in FcGRIIb—/- mice. The data suggest that thera-
peutic strategies addressing gut leakage may be of interest
in sepsis conditions in patients with lupus.

© 2018 S. Karger AG, Basel

© 2018 S. Karger AG, Basel

KARGER

E-Mail karger@karger.com
www.karger.com/jin

Dr. Asada Leelahavanichkul

Immunology Unit, Department of Microbiology
Chulalongkorn University

Bangkok 10330 (Thailand)

E-Mail aleelahavanit @ gmail.com



Introduction

Systemic lupus erythematosus (SLE) is a common au-
toimmune disease and has a multifactorial pathogenesis
[1]. Although the influence of gut dysbiosis in the en-
hancement of disease progression has been demonstrated
[2], data about the effects of gastrointestinal (GI) leakage
in lupus are limited. Interestingly, elevated blood endo-
toxin, a component of the gram-negative bacterial cell
wall, is common in patients with SLE [3]. As the GI tract
is the endogenous source of endotoxin, endotoxemia in
active lupus may be due to gut leakage. However, gut fun-
gi are also the commensal organisms in the human GI
tract [4] and (1—3)-p-D-glucan (BG) is a major compo-
nent of fungal cell walls. Hence, the gut translocation of
BG, a component of the contents of the intestines, may
also play a role in lupus. As such, the synergistic effect of
BG and lipopolysaccharide (LPS) on immune activation
has been demonstrated [5]. In addition, patients with SLE
are susceptible to infection [6, 7] and elevated serum en-
dotoxin is common in such patients.

The association between Fc gamma receptor IIb
(FcGRIIb) dysfunction polymorphism with SLE, particu-
larly in Asian populations, is well known [8]. Function-
ally defective FcGRIIDb, the only inhibitory receptor in the
FcGR family, is associated with exaggerated immune
responses and SLE [9]. There is a high prevalence of
FcGRIIb dysfunction polymorphisms in Asian popula-
tions, possibly due to malaria-based selection pressure
[10]. In host defense, the inhibitory signaling defect in
FcGRIIb-deficient (FcGRIIb-/-) mice leads to the highly
effective eradication of several organisms [10] and a vig-
orous response to endotoxin [11].

Our main purpose was to examine whether there is gut
leakage in lupus and to test the possible influence of mol-
ecules derived from gut translocation, e.g., LPS and/or
BG, in the severity of sepsis. Because of the high preva-
lence of FcGRIIb dysfunction polymorphism in Asia, we
used FcGRIIb-/- mice as a representative lupus mouse
model. Interestingly, FcGRIIb-/- mice on the C57BL/6
background is an established lupus mouse model [12, 13].
Lupus nephritis (LN), as demonstrated by increased anti-
dsDNA (an auto antibody commonly found in lupus),
elevated proteinuria, and lupus renal histopathology with
immune complex deposition, could be detected as early
as at the age of 24 weeks in FcGRIIb-/- mice. Most of
these mice developed full-blown LN after 32-40 weeks.
As such, FcGRIIb-/- mice could be used for the explora-
tion of sepsis superimposed on lupus with either an as-
ymptomatic or symptomatic status. In addition, for a
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proof-of-concept study, sepsis was induced by a cecal li-
gation and puncture (CLP) model. Accordingly, we ex-
plored the spontaneous elevation of serum endotoxin and
BG as indicators of gut leakage in patients with active and
inactive LN. We also determined the role of the synergy
of serum endotoxemia and B-glucanemia in lupus, using
a polymicrobial sepsis model in FcGRIIb-/- mice.

Materials and Methods

Patient Samples

To explore endotoxemia and serum BG elevation in lupus,
blood and spot urine were collected from patients with LN at the
King Chulalongkorn Memorial Hospital, Bangkok, Thailand. The
study protocol and sample accession process were approved by the
Ethical Institutional Review Board, Faculty of Medicine, Chul-
alongkorn University, according to the Declaration of Helsinki,
with written informed consent obtained from each individual pa-
tient. All patients had documented biopsy-proven class III or IV
LN according to the 2003 International Society of Nephrology/
Renal Pathology Society Classification [14].

The inclusion criteria for active LN were: (1) a urine protein
creatinine index of >1 g/day and (2) active urine sediments (red
blood cells or white blood cells >5 cells/high-power field [HPF]).
The inclusion criteria for inactive LN were: (1) a urine protein cre-
atinine index of <0.5 g/day and (2) inactive urine sediments (red
blood cells and white blood cells <5 cellsyHPF). The exclusion cri-
teria were other causes that interfered with gut leakage determina-
tion by endotoxin and BG including (1) serum creatinine >1.5 mg/
dL, (2) current infections or a history of infections within 2 weeks,
(3) a history of invasive fungal infection, (4) pregnancy, (5) liver
injury, (6) diarrhea or a history of diarrhea within 2 weeks. The
SLE Disease Activity Index 2000 (SLEDAI-2K) scoring system was
used to calculate disease activity at the time of sample collection
[15]. To assess proteinuria, the urine protein creatinine index
(UPCI) was calculated using the following equation: UPCI = spot
urine protein (mg/dL)/urine creatinine (mg/dL). Samples from
healthy volunteers were analyzed for controls. The demographic
data are presented in Table 1.

The Animal Model

FcGRIIb-/- mice (C57BL/6 background) were kindly provided
by Dr. Silvia Bolland (NIAID, NIH, MD, USA). Wild-type mice
were purchased from the National Laboratory Animal Center, Na-
kornpathom, Thailand. Female mice were used in all experiments,
using protocols for animals approved by the Faculty of Medicine,
Chulalongkorn University, according to NTH criteria. Blood collec-
tion was performed under isoflurane anesthesia through tail vein
or cardiac puncture, in the time-course observations or nonsur-
vival experiments, respectively. For the evaluation of immune com-
plex deposition, GI tissue was fixed in Cryogel (Leica Biosystems,
Richmond, IL, USA) and frozen with liquid nitrogen. Sections
(4-um-thick) were stained with goat anti-mouse IgG Alexa Fluor
488 (Abcam, Cambridge, MA, USA) for the detection of the Fc por-
tion of immunoglobulin in deposited immune complexes. The flu-
orescence signal was detected by Zeiss LSM 800 with Airyscan (Carl
Zeiss, Germany) with the excitation/emission peak at 495/519 nm.

Issara-Amphorn et al.



Table 1. Demographic data of healthy volunteers and patients with lupus

Patient characteristics Healthy volunteers  Inactive lupus Active lupus
(n=10) (n=14) (n=14)
Female gender, % 100 100 100
Age, years 31+3 34+2 31+2
Serum creatinine, mg/dL 0.94+0.06 1.01£0.03 1.06+0.05
Urine protein creatinine index 0.11£0.02 0.52+0.12 1.11+0.27%
Urine white blood cells/mm? 0 2.77+0.53 41.46+15.71*
Urine red blood cells/mm? 0 10.23+2.09 30.69+6.74"
Patients with positive anti-dsDNA 0 7 (50) 11 (79)
Patients with low CH50 values 0 0 6 (48)
SLEDAI-2K 0 5.85+£0.59 30.69+6.74"
Steroid dosage, mg/day 0 5.85+0.59 14.15+1.91*

Data are expressed as mean * SE or # (%), unless otherwise indicated. SLEDAI-2K, SLE Disease Activity Index

2000. * p < 0.05 inactive versus active lupus.

Cecal Ligation and Puncture Surgery

A protocol of a previously described CLP procedure with a
25-gauge needle [16, 17] was performed under isoflurane anesthe-
sia. Tramadol, 20 mg/kg diluted in 0.5 mL normal saline (NSS),
was administered subcutaneously after the operation. The mice
were sacrificed 18 h after CLP under isoflurane anesthesia and the
serum collected was kept at —-80°C until analyzed.

Dextran Sulfate Solution prior to CLP

To examine the influence of GI barrier defect (gut leakage)
upon bacterial sepsis, dextran sulfate solution (DSS) was adminis-
tered prior to CLP. A short course and low dose of DSS lead to
asymptomatic mice with only subtle histopathology changes as
previously described (data not shown) [18]. Dextran sulfate (Sig-
ma-Aldrich, St. Louis, MO, USA) was diluted into drinking water
at concentrations of 1.5% (w/v) for 1 week before the CLP proce-
dure.

CLP with LPS and/or BG Administration

To explore the effect of endotoxin and/or BG in polymicrobial
sepsis, intra-peritoneal (i.p.) LPS and/or intravenous (i.v.) BG
(into the tail vein) were administered after CLP surgery. LPS of
Escherichia coli 026:B6 was purchased from Sigma- Aldrich. Pachy-
man (Associates of Cape Cod, Falmouth, MA, USA), was used for
BG [19]. Subsequently, i.p. LPS (1 mg/kg) with i.v. NSS (LPS
alone), i.v. BG (50 mg/kg) with i.p. NSS (BG alone), ori.p. LPS with
i.v. BG (LPS and BG in combination) was administered at 3 and
6 h post-CLP surgery.

Gut Permeability Test

Gut permeability was measured by (i) the detection, in serum,
of fluorescein isothiocyanate-dextran (FITC-dextran), a nonab-
sorbable, high-molecular-weight molecule, after oral administra-
tion, and (ii) a spontaneous increase in serum endotoxin and BG,
as previously described [18]. Briefly, for the FITC-dextran test,
mice were gavaged with 0.5 mL of FITC-dextran (molecular
weight, 4.4 kDa; FD4; Sigma-Aldrich) at a concentration of 25 mg/
mL in sterile PBS. Blood was collected from the tail vein 3 h after
FITC-dextran administration, and serum FITC-dextran was mea-
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sured by fluorospectrometry (NanoDrop 3300; Thermo Scientific,
Wilmington, DE, USA) with the excitation and emission wave-
lengths at 485 and 528 nm, respectively, using a standard curve of
serially diluted FITC-dextran. Because spontaneous endotoxemia
and serum BG elevation are associated with impaired GI permea-
bility [18, 20], serum endotoxin and BG were measured by the
HEK-Blue LPS Detection Kit 2 (InvivoGen, San Diego, CA, USA)
and Fungitell assay (Associates of Cape Cod), respectively. The
lower limit of detection of the endotoxin and Fungitell assays was
0.01 EU/mL and 7.8 pg/mL, respectively, and values <0.01 EU/mL
and <7.8 pg/mL were recorded as 0.

Sample Analysis

Serum endotoxin and BG from human samples were measured
as described above. Serum anti-dsDNA IgG in human samples was
evaluated by ELISA assay (Euroimmun, Liibeck, Germany). In
mouse samples, the detection of serum anti-dsDNA antibodies
was performed following a previously published protocol [21].
Mouse urine was collected for 24 h using a metabolic cage (Hat-
teras Instrument, Cary, NC, USA) and urine protein was measured
by Bradford protein assay. Kidney injury was determined by serum
creatinine (QuantiChrom creatinine assay, DICT-500, BioAssay,
Hayward, CA, USA). Serum cytokines (IL-6, TNF-a, and IL-10)
were measured by ELISA assay (ReproTech, Oldwick, NJ, USA).

Induction of Macrophage Cytokine Production Protocol

A previously established protocol for the preparation of bone
marrow-derived macrophages (BMs) was performed [22]. Anti-
F4/80 and anti-CD11c antibody (BioLegend, San Diego, CA, USA)
with flow cytometry was used for macrophage phenotype confir-
mation. Pachyman (a representative BG) at various doses with or
without LPS (Escherichia coli 026:B6; Sigma-Aldrich) at a concen-
tration of 10 ng/mL was incubated with macrophages (1 x 10°
cells/well) in culture plates. Supernatants were then collected at
specific time points and cytokine levels were measured by ELISA
assay (ReproTech). The area under the curve (AUC) of cytokine
responses after incubation with LPS alone or LPS with BG was cal-
culated, in order to compare the degree of response between mouse
strains.
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Statistical Analysis

The data were presented as mean + SE, and the statistical dif-
ferences among groups were examined using the unpaired Student
t test or one-way analysis of variance (ANOVA) with the Tukey
comparison test for the analysis of experiments with 2 and 3
groups, respectively. Data at several time points were analyzed by
repeated-measures ANOVA with the Bonferroni post hoc analy-
sis. Survival analyses were evaluated with the log-rank test. p < 0.05
was considered statistically significant. SPSS v11.5 (SPSS Inc., Chi-
cago, IL, USA) was used for all statistical analysis. In addition, the
AUC of cytokine responses was calculated with GraphPad Prism
v4.0 software and compared between the mouse strains with the
unpaired Student ¢ test.

Results

Spontaneous GI Leakage with Elevated Serum

Endotoxin and BG in Patients with LN

The spontaneous presentation of endotoxin and BG
in blood, without systemic infection, is indicative of GI
permeability barrier impairment [18, 23]. Spontaneous
endotoxemia and elevated serum BG (>60 pg/mL) were
observed in most of the patients with active LN (Fig. 1).
Interestingly, elevated serum BG was demonstrated in
86% (12 of 14 patients) and 50% (7 of 14 patients) of the
cases with active and inactive LN, respectively (Fig. 1b),
thereby supporting the hypothesis of gut leakage in lupus
as previously described [3]. Serum endotoxin and BG
level in healthy volunteers were very low, and patients
with active LN showed a higher BG level than those with
an inactive condition (Fig. la). Endotoxemia and f-
glucanemia are observed in sepsis [18] and, given the
elevated blood levels of endotoxin and BG in lupus
patients, it is possible that endotoxin and BG might
physiologically affect sepsis severity in the lupus context.
Accordingly, the lupus mouse model was utilized to in-
vestigate this possibility.

Spontaneous GI Leakage with Elevated Serum

Endotoxin and BG in 40-Week-Old FcGRIIb-/- Mice

Immunological evidence and clinical manifestations
of LN in mice were demonstrated by elevated anti-
dsDNA and proteinuria with/without increased serum
creatinine, respectively (Fig. 2a-c). Lupus manifesta-
tions, as age-related characteristics of FcGRIIb—/- mice,
allowed the exploration of asymptomatic and symptom-
atic status in different age groups. Spontaneous GI leak-
age, determined by FITC-dextran assay and the sponta-
neous elevation of endotoxin and BG in the serum, was
demonstrated in FcGRIIb-/- mice at 40 weeks, but not
in younger age-groups or in wild-type mice (Fig. 2d-f).
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Fig. 1. A cross-sectional analysis demonstrated serum endotoxin
(a) and serum (1—3)-B-D-glucan (b) titers in healthy volunteers
(n = 8) and in patients with inactive (n = 14) and active lupus ne-
phritis (n = 14) (see Materials and Methods). * p < 0.05.

In parallel, serum levels of IL-6 and IL-10, but not of
TNEF-a, were higher in symptomatic 40-week-old lupus
mice than in wild-type (Fig. 2g-i). In addition, immune
complex deposition in the GI tract of symptomatic lupus
mice was higher than in age-matched wild-type mice
(Fig. 3), suggesting immune-induced gut injury. Im-
mune complex deposition was demonstrated mostly at
the area of the lamina propria of the mouse GI tract
(Fig. 3).

To determine if there was age-dependent susceptibil-
ity to polymicrobial sepsis in FcGRIIb-/- mice, we in-
duced sepsis with CLP surgery in different age groups. It
was only in 40-week-old FcGRIIb-/- mice that we de-
tected more severe sepsis than that in age-matched wild-
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Fig. 2. Biological characteristics of FcGRIIb-/- mice, including
anti-dsDNA (a), 24-h proteinuria (b), serum creatinine (c), gut
leakage, as measured by FITC-dextran assay (d), endotoxemia (e),
serum (1—3)-B-D-glucan (f), and spontaneous serum cytokines
(g-i) in comparison with age-matched wild-type (FcGRIIb+/+)

type (Fig. 2j-1). Based on these results, we selected
FcGRIIb-/- mice aged 8 and 40 weeks as representative
of asymptomatic and symptomatic lupus, respectively,
for the experiments.

Endogenous Endotoxin and BG Worsen
Sepsis in FcGRIIb-/- Mice

mice (n = 4-6) at each time point. Survival analyses of mice with
cecal ligation and puncture (CLP)-induced sepsis in 8-week-old (j:
n = 6/group), 24-week-old (k: n = 10/group), and 40-week-old
mice (I: n = 14/group). * p < 0.05 versus FcGRIIb-/- at the same
time point.

GI Leakage Enhanced Sepsis Severity in Both 8-Week-

Old and 40-Week-Old FcGRIIb-/- Lupus Mice

We hypothesized that the severe sepsis in symptom-
atic FcGRIIb-/- mice was, at least in part, due to GI
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FcGRIIb—/-

FcGRIIb+/+

Anti-mouse IgG-FITC

Fig. 3. Representative immunofluorescence images from the jeju-
nums of 40-week-old FcGRIIb-/- mice (a-c) versus wild-type
controls (FcGRIIb+/+) (d-f). x600. DAPI (blue) and goat anti-
mouse IgG with FITC (green) were used for the identification of

leakage. Hence, GI leakage was induced with 1 week of
DSS mixed into the drinking water, to explore the role
of leaky gut in sepsis. Indeed, DSS induced mild gut
leakage as demonstrated by elevated serum FITC-dex-
tran, endotoxin, and BG in 8-week-old mice of both
strains and in 40-week-old wild-type mice (Fig. 4a—c).
Although gut leakage was already present in 40-week-
old FcGRIIb-/- mice, DSS enhanced the severity, as
demonstrated by all 3 of the parameters examined
(Fig. 4a-c). Interestingly, spontaneous polymicrobial
bacteremia presented only in 40-week-old FcGRIIb-/-
mice with DSS (Fig. 4b). This implied that gut leakage
is severe enough for the translocation of viable bacteria
in 40-week-old FcGRIIb-/- mice with DSS insult. Of
note, proteinuria was not enhanced by DSS administra-
tion (Fig. 4d).
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the nucleus and Fc portion of the immune complex deposition,
respectively. The merged figures demonstrated that immune com-
plex depositions were mostly found at the lamina propria of
FcGRIIb-/- mice (c) when compared with wild-type mice (f).

Subsequently, CLP surgery, performed in FcGRIIb-/-
mice after 1 week of DSS administration, showed more
severe sepsis than that in both 8-week-old and 40-week-
old wild-type mice, as determined by survival rate,
bacteremia, serum IL-6, and serum creatinine (Fig. 4e-1).
All FcGRIIb-/- mice in both age groups died within
30 h after CLP with DSS (Fig. 4e, i). There was DSS-
enhanced sepsis severity in 40-week-old wild-type mice,
but the DSS-enhanced sepsis severity was greater in the
FcGRIIb-/- mice from both age groups (Fig. 5).

Endotoxin Alone or in Combination with BG, but

Not BG Alone, Enhanced Inflammatory Response and

Sepsis Severity in FcGRIIb-/- Mice

Endotoxemia was observed together with elevated se-
rum BG in symptomatic FcGRIIb-/- mice. Hence, the

Issara-Amphorn et al.
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Fig. 4. The characteristics of impaired gut permeability induced by
2.5% dextran sulfate solution (DSS), as measured by FITC-dextran
assay (a), endotoxemia (b), serum (1—3)-p-D-glucan (c), and pro-
teinuria (d) in 8-week-old (n = 11/group) and 40-week-old (n =
5-6/group) mice. Survival analysis of the severity of cecal ligation

physiological importance of both molecules, alone or in
combination, was explored by administering them to as-
ymptomatic 8-week-old FcGRIIb-/- mice. In the ab-
sence of sepsis induction, FcGRIIb-/- mice showed

and puncture (CLP) sepsis after 2.5% DSS administration (e: n =
11/group;i: n=12/group); other parameters at 18 h of CLP, includ-
ing bacteremia (f, j), serum IL-6 (g, k), and serum creatinine (Scr)
(h, I) were evaluated. * p < 0.05,* p < 0.001.

prominent serum cytokine responses after the adminis-
tration of endotoxin and BG, both individually and in
combination (Fig. 6a-i). The largest response occurred
1 hafter the injection. Serum cytokine responses after BG
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(¢, d) mice, with or without administration of 2.5% dextran sulfate solution (DSS) at 8 (a, ¢) and 40 (b, d) weeks

of age.

alone were the lowest among these 3 conditions (Fig. 6b,
e, h). Of note, BG at <5 mg/kg did not significantly in-
duce serum cytokines in the mice of either strain (data
not shown). Synergistic elicitation of cytokine responses
was observed with BG and endotoxin, as determined
from the AUC of the responses of all cytokines in the
FcGRIIb-/- mice, but only IL-6 in the wild-type mice
(Fig. 6j-1).

On the other hand, CLP and endotoxin administra-
tion, with or without BG (but not BG alone), enhanced
sepsis severity, as determined by both survival and serum
cytokine levels (Fig. 7). Sepsis severity was more promi-
nent in FcGRIIb-/- than in wild-type mice (Fig. 7a—c).
However, the synergy of BG with endotoxin, after the
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CLP of FcGRIIb-/- mice, was demonstrated only with
serum TNF-a (Fig. 7d), not with IL-6 and IL-10 (Fig. 7e,
f). Survival of CLP with NSS control or CLP with en-
dotoxin or BG alone or endotoxin and BG in combina-
tion was not different in wild-type mice (Fig. 8a). In
FcGRIIb-/- mice, the sepsis mortality of mice with endo-
toxin and BG was higher than in sepsis with BG but not
different from sepsis with endotoxin (Fig. 8b).

In order to see if there was a different strain-depen-
dent synergistic effect of BG with endotoxin on immune
cell inflammatory responses, BMs were tested. Interest-
ingly, BG alone did not induce macrophage cytokine re-
sponses. But endotoxin (10 ng/mL) with BG (at 10 and
100 pg/mL, but not at 1 pg/mL) increased macrophage
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Fig. 6. Serum cytokine responses of wild-type (FcGRIIb+/+) and
FcGRIIb-/- mice (without cecal ligation and puncture) after in-
traperitoneal (i.p.) endotoxin (LPS, 1 mg/kg) injection with intra-
venous (i.v.) normal saline (NSS) (a, d, g), i.v (1—3)-p-D-glucan

cytokine production (Fig. 9a-f). The AUC showed
endotoxin synergy with BG at 10 and 100 pg/mL in
FcGRIIb-/- and wild-type mice, and this was statistical-
ly significant (ANOV A with the Tukey comparison test,
data not shown). In parallel with the in vivo results, en-
dotoxin and BG synergy was more prominent in macro-

Endogenous Endotoxin and BG Worsen
Sepsis in FcGRIIb-/- Mice

(BG, 50 mg/kg) with i.p. NSS (b, e, h), and i.p. LPS with i.v. BG (c,
f, i). j-1 The area under the curve (AUC) of serum cytokine re-
sponses in both mouse strains. * p < 0.05 versus FcGRIIb+/+ at the
same time point.

phages from FcGRIIb-/- mice than in those from
wild-type mice, as demonstrated by the AUC of cytokine
responses (Fig. 9g-i). These data suggest that, in
FcGRIIb-/- mice, the enhanced synergistic elicitation of
cytokines by coexposure to endotoxin and BG is due to
the loss of inhibitory signaling.
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Fig. 7. Survival analyses of 8-week-old wild-type (FcGRIIb+/+)
and FcGRIIb-/- mice with cecal ligation and puncture sepsis with
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(i.v.) normal saline (NSS) (a: n = 16/group), i.v. (1—3)-p-D-glucan
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(BG) withi.p. NSS (b: n=20/group), and i.p. LPS with i.v. BG (LPS
+ BG) (c: n = 18/group). d—f Serum cytokine levels at 18 h after
CLP surgery in these groups (n = 5-6/group). FcGRIIb+/+, white
columns; FcGRIIb-/-, black columns.
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Discussion

Spontaneous gut leakage and increased serum endo-
toxin/BG in symptomatic lupus demonstrate an impact
upon sepsis severity. Prominent responses of FcGRIIb-/-
mice and macrophages to endotoxin and BG in synergy,
were demonstrated. These data support the potential im-
portance of gut leakage in the enhancement of sepsis se-
verity in the context of lupus.

Gut Leakage in LN

LN is a representative of a circulating immune complex
(CIC)-mediated condition [24] and CIC gut-deposition is
possible in active lupus due to the large GI surface area.
Obvious GI manifestations of lupus are rare [25], but im-
mune complex deposition in the gut [26] and spontaneous
endotoxemia (an indirect indicator of gut leakage) can be

Endogenous Endotoxin and BG Worsen
Sepsis in FcGRIIb-/- Mice

observed in patients [3]. Interestingly, serum BG >60 pg/
mL (a negative cut-off for invasive fungal infection) with-
out fungal infection was demonstrated in most of our pa-
tients. The presence of elevated levels of endotoxin and BG,
foreign molecules in mammals, suggested a GI permeabil-
ity barrier defect. As the direct measurement of gut leakage
in patients was difficult, we evaluated it in FcGRIIb-/-
mice by FITC-dextran translocation and immune complex
deposition in the gut tissue of symptomatic lupus mice.
These were observed in 40-week-old FcGRIIb-/- mice but
not in the younger age groups. In 40-week-old FcGRIIb-/-
mice, gut leakage was observed, together with the more
severe proteinuria and renal injury.

The Influence of Impaired GI Barrier and Gut
Translocation of Endotoxin and BG on Sepsis in
FcGRIIb-/- Mice

Gut leakage induced by DSS caused spontaneous en-
dotoxemia and elevated serum BG in wild-type mice and
in asymptomatic lupus mice (8-week-old FcGRIIb-/-
mice; nonspontaneous gut leakage). Interestingly, with-
out DSS, the severity of CLP was comparable between
both mouse strains. With DSS, CLP sepsis severity was
enhanced only in 40-week-old wild-type mice, but in
both age groups of the FcGRIIb-/- mice. DSS had a great-
er impact on sepsis severity in FCGRIIb-/- mice than in
wild-type mice. As gram-negative bacteria and fungi are
prominent constituents of the normal microbiota in the
gut [4, 27], translocated LPS and BG, as major cell wall
components of these organisms, acted synergistically, but
affected FcGRIIb-/- mice more than wild-type mice.
This may have been due to the hyperimmune responses
of FcGRIIb-/- mice, i.e., due to defective regulatory sig-
naling [10]. Consistent with this hypothesis, the admin-
istration of LPS or BG, individually or in combination,
without CLP sepsis, induced higher serum cytokine re-
sponses in FcGRIIb-/- mice than in wild-type mice. Al-
though BG alone induced a mild increase in serum cyto-
kines, BG showed a synergistic effect with endotoxin. To
determine if there was synergy in sepsis, combinatorial
LPS and/or BG administration was conducted with CLP
surgery in 8-week-old mice. The administration of LPS
with or without BG enhanced sepsis severity to a greater
degree in FcGRIIb-/- mice than in wild-type mice.

In parallel, the incubation of endotoxin alone or with
BG, but not BG alone, induced greater macrophage cyto-
kine production. This supports the endotoxin-BG syn-
ergy observed in several previous studies [19, 28]. How-
ever, BG alone could not induce macrophage cytokine
production in either FcGRIIb-/- or wild-type mice, sug-
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Fig. 9. Cytokine responses in macrophage culture supernatant
from FcGRIIb-/- (a-c) or wild-type (FcGRIIb+/+) (d-f) mice af-
ter activation with (1—3)-B-D-glucan (BG) alone at different dos-
es (100 pg/mL, <5 10 ug/mL, O; 1 ug/mL, O), endotoxin (10 ng/
mL LPS) alone (gray triangle), and BG + LPS (100 pg/mL BG + 10
ng/mL LPS, €; 10 pg/mL BG + 10 ng/mL LPS, B; 1 pg/mL BG +

gesting a limited independent proinflammatory potential
[29, 30]. The main pattern recognition receptors respon-
sible for the detection of endotoxin and BG are TLR-4 and
dectin-1, respectively [31]. Their simultaneous activation
by BG, together with endotoxin, leads to enhanced mac-
rophage cytokine responses [32]. The defect in negative
signaling of FcGRIIb-/- macrophages was likely respon-
sible for the more prominent synergistic responses when
compared with the wild-type mice.

Taken together, our data support the hypothesis that
(i) spontaneous gut leakage may present in lupus without
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10 ng/mL LPS, ®). Separate, triplicate experiments were per-
formed. g-i The area under the curve (AUC) of cytokine respons-
es in the macrophage culture supernatant (in vitro) from both
strains with 10 ng/mL LPS alone and LPS with different doses of
BG. BG 10, 10 ug/mL BG; BG 100, 100 pg/mL BG. * p < 0.05 versus
LPS 10 ng/mL at the same time point.

obvious GI manifestations, (ii) gut translocation of endo-
toxin and BG are associated with an increased inflamma-
tory state, and (iii) endotoxin and BG, in synergy, en-
hance sepsis severity but are more acute in FcGRIIb-/-
lupus mice. Regarding translational aspects, strategies to
attenuate or identify gut leakage and/or elevated serum
endotoxin (and BG) in patients with lupus might be ben-
eficial. Additional studies will be required to evaluate the
role of gut luminal content translocation in this model of
autoimmune disease.
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