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Generated by gram-negative bacteria, lipopolysaccharides
(LPSs) are one of the most abundant and potent immunomod-
ulatory substances present in the intestinal lumen. Interaction
of agonistic LPS with the host myeloid-differentiation-2/Toll-
like receptor 4 (MD-2/TLR4) receptor complex results in
nuclear factor kB (NF-kB) activation, followed by the robust
induction of pro-inflammatory immune responses. Here we
have isolated LPS from a common gut commensal, Bacteroides
vulgatus mpk (BVMPK), which provides only weak agonistic
activity. This weak agonistic activity leads to the amelioration
of inflammatory immune responses in a mouse model for
experimental colitis, and it was in sharp contrast to strong ag-
onists and antagonists. In this context, the administration of
BVMPK LPS into mice with severe intestinal inflammation
re-established intestinal immune homeostasis within only
2 weeks, resulting in the clearance of all symptoms of inflam-
mation. These inflammation-reducing properties of weak
agonistic LPS are grounded in the induction of a special type
of endotoxin tolerance via the MD-2/TLR4 receptor complex
axis in intestinal lamina propria CD11c+ cells. Thus, weak
agonistic LPS represents a promising agent to treat diseases
involving pathological overactivation of the intestinal immune
system, e.g., in inflammatory bowel diseases.
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INTRODUCTION
Inflammatory bowel diseases (IBDs) are characterized by chronic re-
lapsing intestinal inflammation, with Crohn’s disease (CD) and ulcer-
ative colitis (UC) being the most frequent and clinically relevant
forms of this disease complex.1 The etiology of IBD is considered to
be multifactorial, with genetics,2 environmental factors,3 and intesti-
nal microbiota composition4 contributing to the pathology. Therapy
of IBD in humans is currently focused on symptomatic treatment,
often by means of immunosuppression.5 Furthermore, IBD patients
require intensive medical intervention, rendering IBD not only a
major health care but also a growing economic challenge.6 This un-
derlies the need for novel, low-priced, and innovative therapeutic
approaches.

It is widely accepted that the composition of the intestinal microbiota
contributes to the progression and outcome of IBD. However, not
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only the presence, abundance, or proportion of certain live microbial
species account for such microbiota-mediated effects. Indeed, the
structure, and consequently the endotoxicity, of lipopolysaccharides
(LPSs) from gram-negative bacteria determines the outcome of
inflammation in a mouse model for experimental colitis.7 Further-
more, the composition and variety of the intestinal LPSome strongly
impact its inflammation-promoting or homeostasis-preserving prop-
erties.8 This makes LPS an interesting potential drug to target dysre-
gulated intestinal immune responses.

LPS, in its smooth form, consists of three distinct domains: (1) an
O-specific polysaccharide (O-chain); (2) a core oligosaccharide
(core OS); and (3) the lipid A, which anchors LPS to the outer
leaflet of the bacterial cell wall.9 With its highly conserved overall
structure and composition, LPS represents an important microbe-
associated molecular pattern (MAMP), playing an essential role
for the recognition of bacterial invasion by the host innate immune
system10,11 through recognition by the host myeloid-differentiation-
2/Toll-like receptor 4 (MD-2/TLR4) receptor complex. Importantly,
the chemical structure of LPS, primarily the detailed composition of
lipid A, drastically influences its biological activity, ranging from
strong activation of the innate immune system in the case of
agonistic LPS to a complete block of immune responses in the
case of antagonists.10,12 This different behavior is reflected in diverse
binding modes of such lipid A structures to the MD-2/TLR4 recep-
tor complex.13

Given the high amount of endogenous LPS in the gastrointestinal
lumen, it is important for the mammalian host to avoid overstimula-
tion of immune cells. Two crucial mechanisms contribute to
achieving this aim: (1) a tight intestinal epithelial barrier protecting
underlying immune cells in the lamina propria (LP) from luminal
LPS, and (2) the induction of endotoxin tolerance.
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Endotoxin tolerance denotes a phenotype of antigen-presenting cells
that are hyporesponsive toward a second LPS (endotoxin) stimulus
through receptor desensitization as the result of a first LPS stim-
ulus.14,15 Although being a well-documented phenomenon, the mo-
lecular mechanisms underlying endotoxin tolerance still remain
incompletely understood. Endotoxin tolerance has been observed
both in vitro and in vivo in animal models as well as in humans.16

The hyporesponsiveness of endotoxin-tolerant cells is reflected in
their inability to express and secrete pro-inflammatory cytokines,
such as interleukin (IL)-12, IL-6, and IL-1b, in response to a second
LPS stimulus.14 However, the detailed pattern of tolerant genes is cell
type dependent.16 Noteworthy, not only cytokine expression is dras-
tically reduced during endotoxin tolerance but also surface expression
of T cell-activating molecules, such as major histocompatibility com-
plex (MHC) class II and CD40.17,18

Endotoxin tolerance is established while LPS-stimulated antigen-pre-
senting cells undergomaturation characterized by increased expression
of pro-inflammatory cytokines and MHC class II surface expression.
So-called semi-mature cells, however, exhibit tolerance toward a sec-
ondary LPS stimulus, but they fail to express pro-inflammatory cyto-
kines in response to the first, semi-maturation-inducing stimulus.19

For example, the well-documented mouse gut commensal Bacteroides
vulgatusmpk (BVMPK) induces semi-matureCD11c+ cells in the intes-
tinal LP, which is thought to contribute to immunomodulating proper-
ties of this bacterial strain, resulting in the prevention of colitis induction
in several mouse models for experimental colitis.20–22 BVMPK belongs
to the bacterial phylum Bacteroidetes, which represents the most abun-
dant gram-negative phylum in themammalian gut.23 Notably, not only
BVMPK but also other Bacteroides species, such as Bacteroides fragilis
(BF), provide beneficial and host immune system-modulating
properties.24 In this context, BF is of particular interest since its advan-
tageous properties were demonstrated to be rooted in a structural
component: the zwitterionic polysaccharide A (PSA).

Here we demonstrate that BVMPK drastically reduced already estab-
lished intestinal inflammation in mice, thus leading to a complete heal-
ing of damaged intestinal tissue. Intriguingly, this effectwasmirroredby
using a structural component other than PSA: LPS. BVMPK LPS was
found to exhibit weak agonistic activity for interaction with the host
MD-2/TLR4 receptor complex, and the administration of purified
BVMPK LPS re-established intestinal immune homeostasis in a mouse
model for experimental colitis. Theweak agonistic properties of this LPS
are thought to be responsible for its active amelioration of inflammation
through the induction of semi-mature LP CD11c+ cells. Hence, weak
agonistic LPS might be a novel and effective therapeutic agent for the
treatment of intestinal inflammatory disorders such as IBD.

RESULTS
BVMPK Actively Ameliorates Established Inflammatory

Reactions in a Mouse Model for Experimental Colitis, as

Confirmed by Non-invasive In Vivo PET Imaging

We have already demonstrated that mouse gut-associated commensal
BVMPK exhibits anti-inflammatory properties in various different
mouse models for experimental colitis.20–22 These anti-inflammatory
properties appeared when BVMPKwas administered before the onset
of disease, resulting in the prevention of microbiota-mediated intes-
tinal inflammation. This prompted us to verify whether this
commensal was also capable of reducing inflammatory reactions in
an already inflamed environment. Since we aimed to induce long-
term chronic inflammatory conditions, we chose a T cell transplanta-
tion model25 using Rag1-deficient mice, which fail to express func-
tional T and B cells.26 Upon transplantation of naive CD4+ T cells,
these Rag1�/� mice develop a chronic form of intestinal inflamma-
tion, which is highly dependent on the microbiota composition.27

Therefore, we transplanted Rag1�/� mice harboring a highly
dysbiotic microbiota (DYSM)7 with 5 � 105 naive wild-type (WT)
CD4+CD62L+CD45Rbhi T cells. The composition of the microbiota
is described in the Materials and Methods. At 4 weeks after T cell
transplantation, mice were administered 5 � 108 viable BVMPK/mL
drinking water until the end of the experiment. BVMPK-containing
drinking water was renewed every 2 days, and anaerobic BVMPK re-
mained viable under these conditions due to its aerotolerant proper-
ties (data not shown). Untreated Rag1�/� mice were used as negative
controls, and T cell-transplanted mice that were not administered
BVMPK were used as positive controls (Figure 1A).

Since we aimed to real-time monitor the progression of intestinal
inflammation in each individual, we injected all mice with [18F]-fluo-
rodeoxyglucose ([18F]FDG), and we performed non-invasive in vivo
positron emission tomography (PET). [18F]FDG is suitable for the
detection of ongoing inflammatory processes in living animals, since
sites of inflammation are depicted as regions with higher [18F]FDG
uptake in PET scans compared to non-inflamed surrounding
environments.28 However, some organs such as heart and bladder
generally provide a basic tracer uptake signal independent of their in-
flammatory status. We monitored the colonic [18F]FDG uptake over
time from all mice used for this experiment. Therefore, each mouse
was injected with [18F]FDG, and PET imaging was performed at
the day of T cell transplantation (week 0) as well as 4, 6, and 8 weeks
after T cell transplantation (Figure 1B). The obtained data were cor-
rected for decay, due to the half-life time of [18F], and normalized to
the injected activity per animal.

As demonstrated in the upper panel of Figure 1B, non-transplanted
Rag1�/�mice provided low [18F]FDG uptake during the whole obser-
vation period, indicating no ongoing inflammatory processes in the
colon. In line with previous publications,7,22 Rag1�/� mice harboring
a DYSM and transplanted with naive T cells exhibited severe colonic
inflammation, as illustrated by a high colonic [18F]FDG uptake at
weeks 4 and 6 (Figure 1B, middle panel). Since the inflammation in
these animals exceeded an ethically justifiable level, these animals
had to be sacrificed at week 6. As a third group, T cell-transplanted
Rag1�/� mice, displaying severe signs of intestinal inflammation at
week 4 (Figure 1B, lower panel), were administered viable BVMPK
via drinking water from week 4 to week 8 after T cell transplantation.
In these mice, we observed a considerable reduction in colonic [18F]
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Figure 1. Administration of Live B. vulgatusmpk Reduces Intestinal Inflammation in Rag1–/– Mice with Established Colonic Inflammation, as Confirmed by

Non-invasive In Vivo PET Imaging

(A) Experimental setup: Rag1�/� mice harboring a highly dysbiotic microbiota were transplanted with CD4+ T cells to induce intestinal inflammation as described. 4 weeks

after T cell transplantation, mice started receiving liveB. vulgatusmpk (BVMPK) in the drinking water at a concentration of 5� 108mL�1. BVMPK treatment was continued for

4 more weeks. 8 weeks after T cell transplantation, mice were sacrificed and analyzed. As controls, one group was transplanted without the following BVMPK administration

and one group was not T cell transplanted. (B) High-resolution non-invasive small animal in vivo PET imaging. 8.3 ± 1.3 MBq [18F]FDG was injected into the tail vein of each

mouse. Static PET scans were performed at the day of T cell transplantation and repeated 4, 6, and 8 weeks after T cell transplantation. Data were corrected for decay and

normalized to the injected activity. PET images of one representative individual per group are depicted (n = 8–10 mice per group). Organs providing high-intensity signals

(heart, bladder, and inflamed colon) are labeled in the upper left panel.
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FDG uptake already after 2 weeks. Another PET scan at week 8
revealed comparably low [18F]FDG uptake, indicating that the in-
flammatory processes, visible at week 4, were cleared by BVMPK
administration. The PET results were confirmed by a reduced histo-
logical score and a reduced IL-17 expression in BVMPK-fed T cell-
transplaned Rag1�/� mice, as compared to only T cell-transplaned
Rag1�/� mice (Figures 4B–4D).

This clearly demonstrated that the anti-inflammatory properties of
the commensal BVMPK did not only prevent the induction of inflam-
mation in T cell-transplanted Rag1�/� mice, as published previ-
ously,22 but also actively ameliorated already established colonic
inflammation, alleviating symptoms of colitis in this mouse model.

Induction of Hyporesponsive CD11c+Cells Is a CommonFeature

of Various Bacteroides Species

We have already demonstrated that BVMPK-mediated suppression
of intestinal inflammation strongly correlates with the induction of
a hyporesponsive or so-called semi-mature phenotype of LP
CD11c+ cells.7,22 We assumed that such hyporesponsive LP CD11c+
1976 Molecular Therapy Vol. 27 No 11 November 2019
cells were responsible for the observed inflammation-preventing
and -reducing effects in in vivomodels for experimental colitis. Since
Bacteroidetes represents the major gram-negative phylum in the
human intestine,29,30 we aimed to examine the semi-maturation-
inducing properties of Bacteroides species other than BVMPK,
namely, B. dorei (BD), B. vulgatus ATCC8482 (BV8482), BF, and
B. thetaiotaomicron (BTIO).

It was already demonstrated that BVMPK induced semi-maturation
in vitro in bone marrow-derived dendritic cells (BMDCs). This
phenotype is characterized by low but measurable secretion of IL-6
with the simultaneous absence of secretion of other pro-inflammatory
cytokines, such as tumor necrosis factor (TNF), IL-12, and IL-1b, as
well as the absence of anti-inflammatory IL-10.22,31 Furthermore,
semi-mature BMDCs (smBMDCs) only provide slightly increased
surface expression of MHC class II, CD40, CD80, and CD86.22,31 In
general, LP CD11c+ cells strongly resemble BMDCs, as shown by
comparable expressions of CD45, CD11b, and CD103 while being
CD3neg, Ly6Gneg, Ly6Gneg, CD45Rneg, and CD64neg (Figure S1).
Therefore, we used BMDCs to assess whether Bacteroides strains



Figure 2. Induction of Hyporesponsive CD11c+ Cells Is a Common Feature of Various Bacteroides Species

(A) Stimulation of CD11c+ bone marrow-derived dendritic cells (BMDCs) generated from WT C57BL/6 mice (n = 3 mice) with PBS (mock), E. colimpk (EC), B. vulgatus mpk

(BVMPK), B. dorei (BD), B. vulgatus ATCC8482 (BV8482), B. fragilis (BF), and B. thetaiotaomicron (BTIO) for 16 h at an MOI of 1. Cytokine secretion was detected by ELISA.

Surface expressions of MHC class II and CD40 were detected by flow cytometry, and the population of MHC class II hi+ cells and CD40MFI, respectively, were normalized to

the mock control of BMDCs generated from the same individual. (B) WT BMDCs (n = 3mice) were stimulated with PBS (mock), EC, BVMPK, BD, BV8482, BF, and BTIO at an

MOI of 1 for 24 h (prime). Cell culture medium was removed and exchanged for fresh medium before stimulation (challenge) with EC for an additional 16 h. Cytokine secretion

was detected by ELISA. Surface expressions of MHC class II and CD40 were detected by flow cytometry. Statistical analysis was performed using one-way ANOVA.

p values <0.05 were considered to be statistically significant and are indicated with an asterisk (*). Columns and error bars represent mean ± SD.

www.moleculartherapy.org
other than BVMPK induce the effects of hyporesponsiveness in
CD11c+ cells.

BMDCs were generated from the bone marrow of WT C57BL/6N
mice, and they were stimulated for 16 h with PBS (mock) as a negative
control as well as with BVMPK, BD, BF, BV8482, and BTIO. E. coli
mpk (EC) was used as a positive control to induce fully mature
BMDCs.22 All bacteria were added to BMDCs at an MOI of 1. As
demonstrated by the low secretion of IL-6, the absence of IL-10 and
TNF, as well as by only slightly increasedMHC class II and CD40 sur-
face expressions, all tested Bacteroides strains induced comparable ef-
fects in BMDCs, which were comparable to BVMPK-induced effects,
therefore suggesting the induction of semi-maturation by all tested
Bacteroides strains (Figures 2A and S2). As expected, EC stimulation
led to the strong secretions of IL-6, IL-10, and TNF as well as
increased MHC class II and CD40 surface levels.

A characteristic feature of BVMPK-induced semi-mature (sm)
CD11c+ cells is hyporesponsiveness toward further bacterial stimuli
in terms of surface expressions of MHC class II, CD40, CD80, and
CD86 as well as secretions of cytokines, such as TNF, but not IL-6.
Therefore, we primed BMDCs with BVMPK, BD, BV8482, BF,
BTIO, or EC for 24 h and challenged them with EC. Importantly, me-
diumwas changed between prime and challenge to determine whether
primed cells were still capable of secreting pro-inflammatory cyto-
kines in response to EC challenge. As seen in Figure 2B, IL-6 secretion
was not reduced in Bacteroides-primed and EC-challenged BMDCs
compared to unprimed EC-challenged BMDCs. IL-10 secretion was
generally low among all different stimulus combinations. However,
priming of BMDCs with all tested Bacteroides strains resulted in the
tolerance of TNF expression after EC challenge in contrast to un-
primed BMDCs. In line with this, priming of BMDCs with all tested
Bacteroides strains resulted in (significantly) lower MHC class II and
CD40 surface expressions after EC challenge compared to EC-primed
BMDCs. However, these results point at the induction of semi-matu-
ration and, therefore, tolerance toward TNF and surface T cell-acti-
vating surface molecule expression by all tested Bacteroides species.
Thus, the induction of smBMDCs is not a unique property of BVMPK.
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Table 1. Comparison of the Lipid A Core Synthesis Genes between BVMPK and BV8482, BD, and BTIO

BVMPK BV8482 BD BTIO

ID ID SIM (%) ID SIM (%) ID SIM (%)

BvMPK_3283 BVU_0099 100 HMPREF1064_02220 99 BT4205 82

BvMPK_3832 BVU_0098 99 HMPREF1064_02221 99 BT4206 86

BvMPK_3821 BVU_0097 99 HMPREF1064_02222 99 BT4207 69

BvMPK_4264 BVU_0525 100 HMPREF1064_04085 99 BT3697 84

BvMPK_1137 BVU_1917 99 HMPREF1064_04942 97 BT4004 74

BvMPK_0444 BVU_1603 99 HMPREF1064_03036 96 BT1880 100

BvMPK_1465 BVU_1476 99 HMPREF1064_03097 98 BT2747 66

BvMPK_0774 BVU_1062 98 HMPREF1064_01726 97 BT2152 34

BvMPK_3353 BVU_3834 99 HMPREF1064_04014 96 not identified

BvMPK_0983 BVU_1238 99 HMPREF1064_01498 93 not identified

BvMPK_2934 BVU_3293 99 HMPREF1064_03350 98 BT1854 48

Genetic similarities (SIMs) were calculated by alignment of the genes from BV8482, BD, and BTIO compared to BVMPK. IDs refer to the respective gene identifiers.

Molecular Therapy
Bacteroides Species Share a Conserved Lipid A Synthesis Core

Since stimulation with heat-killed BVMPK, BD, BF, BV8482, and
BTIO also resulted in BMDC semi-maturation as induced by viable
bacteria (see also Figure S3), we supposed the crucial semi-matura-
tion-inducing bacterial factor to be a structural component that is
shared by all these strains. Bacteroides belong to gram-negative bac-
teria and harbor LPS in the outer membrane of the bacterial cell
wall. LPS is known to be one of the most potent surface molecules
and dendritic cell (DC) maturation-inducing components of gram-
negative bacteria. It consists of lipid A, a core oligosaccharide, and
an O-antigen composed of polysaccharides of various lengths. Jacob-
son et al.32 have recently reported on the differences in the poly- and
oligosaccharide portions among BF, BV8482, BD, and BTIO. Since all
these strains induced semi-maturation in our experiments (Figure 2),
we hypothesized that the induction of semi-maturation occurs inde-
pendently of LPS carbohydrate moieties. Therefore, we focused on the
lipid A part. Lipid A of BD and BF was reported to be similar in struc-
ture and composition, being mono-phosphorylated and harboring
only 5 acyl chains.33,34

To identify candidate genes for Bacteroides lipid A biosynthesis, we
performed BLASTP searches against genomes of BV8482, BD, and
BTIOusingBVMPKgenes as reference.We found lipidAbiosynthesis
genes of all investigated Bacteroides spp. to be homologous, since, with
some exceptions for BTIO, the similarities among the sequences ex-
ceeded 90% (Table 1). In the next step, we compared the biosynthesis
genes for BVMPK lipid A with the Raetz pathway of EC (Table 2). We
could clearly show that Bacteroides lipid A synthesis genes differ
significantly from the EC lipid A synthesis genes. The similarities be-
tween the genes were only between 25% and 42%, and the EC genome
was found to lack the BVMPK_0774 and BVMPK_3353 (Table 2).
These differences probably result in different lipid A compositions.
The observed gene homology among the lipid A cores of BVMPK,
BD, BTIO, and BV8482 is in line with our hypothesis that immuno-
genic effects on dendritic cells by all tested Bacteroides spp. are
1978 Molecular Therapy Vol. 27 No 11 November 2019
mediated by their typical LPS. Correspondingly, EC, which produces
a different type of LPS, induced clearly different effects. Overall, this
suggests that the structure of Bacteroides spp. LPS is a crucial determi-
nant for the induction of semi-maturation in CD11c+ cells. Work is
ongoing to establish the chemical structure of LPS from BVMPK
(LPSBV) and its structure-activity relationship.

Isolated LPS of BVMPK Induces Hyporesponsive Semi-mature

CD11c+ Cells

To verify the hypothesis that Bacteroides spp. LPS is crucial for the in-
duction of hyporesponsive CD11c+ cells, we isolated LPSBV as well as
from EC (LPSEC), which contains a strongly agonistic bis-phosphor-
ylated and hexaacylated lipid A. We generated BMDCs from WT
C57BL/6 mice, and we stimulated these cells with either viable
BVMPK or EC at anMOI of 1. Additionally, BMDCs were stimulated
with purified LPSBV or LPSEC, both at concentrations of 50 ng�1/106

BMDCs for a total of 16 h. As shown in Figure 3A, stimulation of
BMDCs with LPS resulted in the same BMDC phenotype as stimula-
tion with the respective bacteria from which the LPS was isolated.
Both, BVMPK and LPSBV stimulation led to low expressions of
MHC class II, CD40, CD80, and CD86 (Figure 3A) as well as to a
low secretion of IL-6 and an absence of TNF (Figure 3A). On the con-
trary, stimulation of BMDCs with either EC or LPSEC led to signifi-
cant increases in the surface expressions of MHC class II and T cell
co-stimulatory molecules CD40, CD80, and CD86 as well as to
increased secretions of IL-6 and TNF (Figure 3A).

To assess hyporesponsiveness toward a secondary stimulus, we stim-
ulated BMDCs for 24 h with PBS (mock), BVMPK, LPSBV, EC, and
LPSEC followed by a challenge with either EC or PBS as a negative
control. Importantly, medium was changed between prime and chal-
lenge to determine whether primed cells were still capable of secreting
pro-inflammatory cytokines in response to EC challenge. To deter-
mine the change in the surface expressions of T cell co-stimulatory
molecules in response to EC challenge, we determined the proportion



Table 2. Comparison of the Lipid A Core Synthesis Genes between BVMPK

and EC MG1655

BVMPK EC MG1655

ID ID SIM

BvMPK_3283 944849 42

BvMPK_3832 944816 36

BvMPK_3821 944882 33

BvMPK_4264 949053 27

BvMPK_1137 944838 31

BvMPK_0444 945526 25

BvMPK_1465 949048 26

BvMPK_0774 not identified

BvMPK_3353 not identified

BvMPK_0983 945863 35

BvMPK_2934 945450 27

Genetic similarities (SIMs) were calculated by alignment of the genes from Escherchia
coli K12 MG1655 (EC MG1655) compared to BVMPK. IDs refer to the respective
gene identifiers.
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of MHC class IIhi+, CD40+, CD80+, and CD86+ cells in primed and
EC-challenged BMDCs, and we compared them with PBS-challenged
controls that were primed with the same stimulus. Thus, high bars
indicate high responsiveness and low bars indicate tolerance (Fig-
ure 3B). As demonstrated in Figure 3B, both, BVMPK- and
LPSBV-primed EC-challenged BMDCs provided significantly lower
secretion of TNF. Furthermore, increases in CD80 and CD86 surface
expressions in LPSBV-primed and EC-challenged BMDCs were
significantly lower compared to PBS-primed and EC-challenged
BMDCs, indicating the induction of hyporesponsiveness of LPSBV-
primed cells concerning the surface expressions of T cell-activating
molecules. As expected, priming with EC and LPSEC leads to full
DC maturation.

To verify that LPSBV- and BVMPK-induced semi-maturating effects
on BMDCs are rooted in LPS-dependent TLR4 signaling, we pre-
incubated BMDCs for 1 h with the competitive TLR4 antagonist
TAK242 (Figure S4) before stimulation with LPSBV, BVMPK, and
EC for 16 h (Figure 3C). TAK242 pre-incubation abolished cytokine
secretion and modulation of MHC class II and CD40 surface expres-
sions for all the used stimuli. Therefore, we concluded that (1)
BVMPK induces BMDC semi-maturation mainly via its LPS, and
(2) purified LPSBV is sufficient to induce hyporesponsive semi-
mature BMDCs.

TAK242 is described to be a selective TLR4 antagonist,35,36 and our
control experiments confirmed that TAK242 led to an inhibition of
TLR4, but not TLR2, signaling. However, we cannot exclude that
TAK242 may also influence other signaling pathways.

LPS-mediated induction of TLR4 signaling results in the activation of
nuclear factor kB (NF-kB) and, therefore, in the expression of pro-
and anti-inflammatory cytokines. Since BVMPK and EC as well as
LPSBV induce a different cytokine secretion pattern via TLR4
signaling, we compared the NF-kB-activating potential of BVMPK
and EC, as well as of LPSBV and LPSEC. For this purpose, we used
HEK cells expressing the mouse MD-2/TLR4 receptor complex
(mTLR4-HEK) (Figure 3D), and we stimulated them for 16 h. The re-
sulting IL-8 secretion was detected as an indirect measure of MD-2/
TLR4-mediated NF-kB activation, since IL-8 secretion is a direct
consequence of TLR4-mediated NF-kB activation.37 Stimulation of
mTLR4-HEK cells with either viable BVMPK or EC at an MOI of 1
resulted in significantly higher IL-8 secretion from EC-stimulated
cells compared to BVMPK-stimulated cells (Figure 3D, upper panel).
Stimulation of mTLR4-HEK cells with isolated LPSBV or LPSEC re-
sulted in a concentration-dependent increase in IL-8 secretion when
LPSBV was used. LPSEC stimulation resulted in saturated IL-8 secre-
tion, even at concentrations as low as 1 ng mL�1 (Figure 3D, lower
panel). The increased IL-8 secretion as a result of NF-kB activation37

indicated significantly stronger activation of LPSEC compared to
LPSBV in mTLR4-HEK cells. Additionally, we measured the phos-
phorylation of S534 of the NF-kB subunit p65 (p-p65) via flow cy-
tometry as a measure of NF-kB transactivation activity38,39 in mouse
BMDCs, in response to either LPSBV or viable BVMPK and EC,
respectively. Stimulation with BVMPK and LPSBV of BMDCs for
30 min resulted in a significantly lower p-p65 induction compared
to EC stimulation (Figure 3E).

Furthermore, we determined intracellular aldehyde dehydrogenase
(ALDH) activity in mouse BMDCs stimulated with viable BVMPK
or EC for 16 h (Figures 3F and S5). ALDH triggers the induction of
inflammation-ameliorating Foxp3+ regulatory T cells (Tregs) by
metabolizing vitamin A-derived retinol into retinoic acid (RA).40

RA has been shown to be a crucial mediator for the induction of
Tregs, and ALDH+ intestinal dendritic cells are considered to be
important mediators for immune homeostasis.19,41,42 BVMPK-stim-
ulated BMDCs showed a significantly higher ALDH activity
compared to EC-stimulated BMDCs, indicating a stronger Treg in-
duction potential.

LPS is known to be a strong agonist for the MD-2/TLR4 receptor
complex. However, it was reported that certain LPS structures also
induce TLR2-mediated signaling, i.e.,Helicobacter pylori LPS,43 while
the TLR2-activating capacity of Porphyromonas gingivalis LPS re-
mains controversial and is probably an experimental artifact due to
a lipoprotein contamination.44 Therefore, these reports raise the
question for a contribution of TLR2 signaling to the LPSBV-mediated
immunogenic effects on CD11c+ cells as well as for a potential
contamination of the used LPSBV preparations, which might, in
consequence, induce TLR2 receptor activation. Concerning potential
and yet unrecognized contaminations, not only lipoproteins but also
the presence of capsular polysaccharides has to be considered. During
the purification process, an additional ultracentrifugation step was
performed to eliminate the presence of capsular polysaccharides
from the LPSBV preparations. Nevertheless, we checked whether sol-
ubilized LPSBV preparations induce TLR2 signaling, since both
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Figure 3. Isolated LPS of BVMPK Induces Hyporesponsive Semi-mature CD11c+ Cells

(A) Stimulation of CD11c+ bone marrow-derived dendritic cells (BMDCs) generated from WT C57BL/6 mice (n = 4 mice) with PBS (mock), E. colimpk (EC), B. vulgatus mpk

(BVMPK), E. colimpk LPS (LPSEC), and B. vulgatusmpk LPS (LPSBV). Cytokine secretion was detected by ELISA. Surface expressions of CD40, CD80, CD86, and MHC

class II were detected by flow cytometry. (B) WT BMDCs (n = 4mice) were stimulated with PBS (mock), EC, LPSEC, BVMPK, and LPSBV for 24 h (prime). Cell culture medium

was removed and exchanged for fresh medium before stimulation (challenge) with EC for an additional 16 h. Cytokine secretion was detected by ELISA. Surface expressions

of MHC class II, CD40, CD80, and CD86 were detected by flow cytometry, and the population of MHC class II hi+ cells and CD40 MFI, CD80 MFI, and CD86 MFI were

normalized to the PBS-challenged control of BMDCs generated from the same individual with the same priming stimulus. (C) Stimulation of CD11c+ bone marrow-derived

(legend continued on next page)
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potential contaminants, capsular polysaccharides45–48 and lipopro-
teins49–51 from gram-negative bacteria, would result in TLR2 receptor
activation (Figure S6). We detected minor differences in IL-6 secre-
tion of LPSBV-stimulated WT BMDCs compared to TLR2-deficient
BMDCs, indicating a slight activation of TLR2 by LPSBV (Fig-
ure S6A). However, using TLR2�/� BMDCs, we could exclude the
contribution of TLR2-mediated signaling to the induction of hypores-
ponsive semi-mature BMDCs (Figure S6B). Therefore, we conclude
that LPSBV-induced MD-2/TLR4 receptor signaling, but not TLR2
signaling, is crucial for the induction of BMDC semi-maturation.

Taken together, these results indicate a significantly weaker MD-2/
TLR4 receptor activation of LPSBV compared to LPSEC, resulting
in reduced NF-kB transactivation capacity. However, and in contrast
to being a MD-2/TLR4 antagonist, LPSBV actively induced hypores-
ponsive semi-maturation in BMDCs without inducing the expression
of pro-inflammatory cytokines. Thus, we suppose LPSBV to be rather
weak agonistic than antagonistic.

Administration of Purified LPSBV Reduces Established

Intestinal Inflammation in aMouseModel of Experimental Colitis

Since (1) weak agonistic LPSBV provided the same semi-maturation-
inducing capacities as viable BVMPK in BMDCs and (2) BVMPK-
mediated prevention of intestinal inflammation in Rag1�/� mice
correlated with the induction of semi-mature LP CD11c+ cells, we
were interested to know if the administration of LPSBV resulted in
the same inflammation-reducing effects in T cell-transplanted
Rag1�/� mice. Therefore, we used Rag1�/� mice harboring a highly
DYSM, and we induced colonic inflammation through the transplan-
tation of 5 � 105 naive WT CD4+CD62L+CD45RBhi T cells. At week
4, transplanted mice showed clear signs of colonic inflammation, such
as bloody feces and diarrhea, which is in line with the PET imaging
that was performed to monitor intestinal inflammation (Figure 1B).
At this point, we started to administer viable BVMPK (5 � 108

bacteria/mL drinking water) as well as LPSBV at a concentration of
160 mgmL�1 in the drinking water for 4 additional weeks (Figure 4A).
Mice with a C57BL/6 genetic background, such as Rag1�/�, were re-
ported to consume around 6 mL drinking water each day,52 suggest-
ing the daily uptake of LPSBV to be around 1 mg/mouse.

Figure 4B illustrates representative H&E-stained colonic sections
from each group taken at the end of the experiment. As expected,
non-treated T cell-transplanted animals showed severe signs of
dendritic cells (BMDCs) generated from WT C57BL/6 mice (n = 5 mice) with PBS (mock

antagonist TAK242 at 1 h prior to bacterial stimulation. Cytokine secretion was detecte

cytometry, and the population of MHC class II hi+ cells and CD40 MFI, respectively, w

individual. (D) Stimulation of mouse MD-2/TLR4 receptor complex expressing HEK cells

replications with 3 technical replicates, upper panel) or LPSEC and LPSBV at various con

measure of NF-kB activation was detected by ELISA, and it is indicated by a blue line fo

(mock), EC, BVMPK, and LPSBV for 30 min. The resulting phosphorylation of intrace

resulting MFI was normalized to the mock control of BMDCs generated from the same

EC at an MOI of 1 for 16 h. ALDH levels in BMDCs were then detected using an Aldefl

(A, B, and E) or Student’s t test (C and F). p values <0.05 were considered to be statistica

mean ± SD.
colonic inflammation (Figure 4B, left panel). However, the LPSBV-
and BVMPK-treated animals exhibited significantly lower intestinal
inflammation (Figure 4B, middle and right panels) compared to
non-treated mice (Figure 4C). CD3+CD4+ T cells isolated from the
colonic LP (cLP) of live BVMPK-treated Rag1�/� mice expressed
significantly lower amounts of IL-17 (Figure 4D), thus providing a
clearly reduced Th17 response,53 which crucially contributes to the
induction of colitis in this mouse model.

Furthermore, qRT-PCRs from colonic scrapings revealed that live
BVMPK-treated animals expressed significantly higher amounts of
ALDH mRNA (Figure 4E), which supports our in vitro findings of
a higher Treg-inducing potential of antigen-presenting cells that
encountered BVMPK (Figure 3F).

LPSBV-treated T cell-transplanted Rag1�/� mice also provided
significantly lower proportions of IL-17-expressing CD3+CD4+ cLP
T cells as well as higher Aldh mRNA expression in colonic scrapings.
These data indicated that both live BVMPK and isolated LPSBV are
equally able to ameliorate established inflammatory processes in the
large intestine, by downregulating the Th17 immune response pro-
moting cytokines and by favoring Treg-inducing environmental
conditions.

Weak Agonistic LPSBV Is Not a Competitive Inhibitor of Strong

Agonistic LPS

The results obtained from in vivo experiments using Rag1�/� mice
raised the question of whether LPSBV acts as a competitive inhibitor
at the MD-2/TLR4 receptor complex-binding site, therefore prevent-
ing agonistic LPS from binding and thus inducing complete CD11c+

cell maturation characterized by pro-inflammatory immune re-
sponses. First, we aimed to determine and compare binding constants
of LPSBV and the prototype agonistic LPSEC to the mouse MD-2/
TLR4 receptor complex. Therefore, we established an optical titration
setting to trigger quasi dissociation constants (KD) of both LPSBV
and LPSEC, using biotinylated LPSBV (bioLPSBV). Prior to that, bio-
LPSBVwas confirmed to provide the identical activation of the mouse
MD-2/TLR4 receptor complex (Figure S7), therefore suggesting that
biotinylation did not affect LPSBV-binding behavior.

We are aware of the fact that we could not determine real KD values,
since we did not know the exact molarity of the used LPS solutions.
The assembly of amphiphilic LPS monomers into micelles, vesicles,
), BVMPK, EC, and LPSBV either with or without pre-incubation with TLR4 receptor

d by ELISA. Surface expressions of MHC class II and CD40 were detected by flow

ere normalized to the untreated mock control of BMDCs generated from the same

(mTLR4-HEK) with PBS (mock), EC, and BVMPK at an MOI of 1 (n = 2 experimental

centrations (n = 3 technical replicates, lower panel). The resulting IL-8 secretion as a

r mock samples in the lower panel. (E) Stimulation of BMDCs (n = 4 mice) with PBS

llular p65, phosphorylated at S534 (p-p65), was detected by flow cytometry. The

individual. (F) Stimulation of WT BMDCs (n = 5 mice) with PBS (mock), BVMPK, and

uor ALDH activity assay. Statistical analysis was performed using one-way ANOVA

lly significant and are indicated with an asterisk (*). Columns and error bars represent
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Figure 4. Isolated B. vulgatus mpk LPS Provides the Same Capability to Reduce Intestinal Inflammation in Rag1–/– Mice with Established Colonic

Inflammation as Live B. vulgatus mpk

(A) Experimental setup: Rag1�/� mice harboring a highly dysbiotic microbiota were transplanted with naive CD4+ T cells to induce intestinal inflammation as described.

4 weeks after T cell transplantation, mice were not treated (TC only, n = 5), treated with liveB. vulgatusmpk (TC +BVMPK, n = 8) by administration of 5� 108 bacteria mL�1 in

the drinking water, or treated with isolated B. vulgatus mpk LPS (TC + LPSBV, n = 8) in the drinking water at a concentration of 160 mg mL�1. Mice were sacrificed and

analyzed 8weeks after T cell transplantation. (B) Representative H&E-stained colonic sections at week 8. (C) Histological colitis score at week 8, ranging from 0 to amaximum

of 3. (D) Left panel: gating strategy to determine the CD3+CD4+ T cell population in the colonic lamina propria (cLP) at week 8. Right panel: proportion of IL-17+ cells among

the population of cLP CD3+CD4+ T cells, determined by flow cytometry. (E) Relative Aldh2mRNA expression in colonic scrapings at week 8, determined by qRT-PCR. Data

were normalized to Aldh2 mRNA expression in colonic scrapings of non-inflamed non-T cell-transplanted Rag1�/� mice. Statistical analysis was performed using Kruskal-

Wallis test (C) or one-way ANOVA (D and E). p values <0.05 were considered to be statistically significant and are indicated with an asterisk (*). Columns and error bars

represent mean ± SD (C and E). Boxplots depict the mean as well as the 25th and 75th percentiles, and whiskers depict the highest and lowest values (D).
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or even more complicated structures is highly dependent on the
buffer and ionic strength, and it is, therefore, hardly predictable.
This exacerbated the determination of themolarity of LPSmonomers,
which effectively have access to the receptor, rendering them active
ligands thus contributing to KD values. However, assuming that (1)
1982 Molecular Therapy Vol. 27 No 11 November 2019
bioLPSBV and LPSEC provide a comparable monomeric molecular
weight, (2) bioLPSBV and LPSEC behave in a similar chemical
manner under the experimental conditions, and (3) all experiments
were carried out incubating both LPSs at the same time, we can spec-
ulate that a qualitative comparison using KD values in the unit g L�1



Figure 5. Weak Agonistic LPSBV Is Not a Competitive Inhibitor of Strong Agonistic LPS

(A) Determination of the dissociation constant (g L�1, quasi KD) of LPSBV and LPSEC using an optical titration-based approach. (B) Left panel: experimental setting. 1� 105

HEK cells expressing murine CD14, MD-2, and TLR4 (mTLR4-HEK) were incubated with a certain concentration of either LPSEC ranging from 0 to 5 mg L�1 or biotinylated

LPSBV (bioLPSBV) ranging from 0 to 6 mg L�1 for 1 h. After 1 h, the opposite LPS (either LPSBV or LPSEC) was added for an additional 1 h. PE-coupled streptavidin

(Strep-PE) was added for 30 min, and the resulting PE fluorescence associated with mTLR4-HEK cells was detected by flow cytometry. Right panel: gating strategy to

determine PE fluorescence of intact mTLR4-HEK cells is shown. (C) Binding curves of 4 distinct concentrations of LPSEC added first to mTLR4-HEK (n = 3 technical

replicates) plotted against varying concentrations of subsequently added bioLPSBV. (D) Binding curves of 7 distinct concentrations of bioLPSBV added first to mTLR4-HEK

(n = 3 technical replicates) plotted against varying concentrations of subsequently added LPSEC. Squares with error bars represent mean ± SD (C and D).
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instead of mol L�1 is qualifiable for a comparison of their binding af-
finity. We finally determined quasi KD to be 0.412 g L�1 for LPSBV
and 0.304 g L�1 for LPSEC (Figure 5A, see also Figure S8 for more
details on optical titration). These data allowed us to conclude that
LPSBV and LPSEC provide similar binding affinity to the mouse
MD-2/TLR4 receptor complex.

Next, we tested the capability of each of these two distinct LPSs to
remove already bound LPS from the receptor complex. Thus, we
incubated mTLR4-HEK cells with different concentrations of either
bioLPSBV or LPSEC for 1 h, and, subsequently, we added the oppo-
site LPS for 1 h and in several concentrations. Subsequent additional
incubation with phycoerythrin (PE)-coupled streptavidin (Strep-PE)
allowed for flow cytometry-based visualization of mTLR4-HEK cell-
bound bioLPSBV (Figure 5B). Pre-incubation with LPSEC followed
by subsequent incubation with bioLPSBV resulted in a low detected
PE fluorescence, fairly independent of the employed LPSEC and bio-
LPSBV concentrations (Figure 5C). This indicated that, once the mu-
rine MD-2/TLR4 receptor complex was bound by LPSEC, bioLPSBV
was not able to remove LPSEC from the receptor-binding site. Pre-in-
cubation with LPSEC, even at low concentrations of 1.25 mg L�1,
resulted in a decrease of the PE signal to about 20% of the PE signal
that arose when cells were not pre-incubated with LPSEC (Figure 5C).
Contrariwise, pre-incubation of mTLR4-HEK cells with bioLPSBV
followed by subsequent incubation with LPSEC resulted in a strong
reduction of the PE signal, which is exclusively derived from bound
bioLPSBV, of about 50%, even when low concentrations of LPSEC
were added (Figure 5D). Since we assumed that the detected PE
fluorescence was directly proportional to the amount of bound
bioLPSBV, it can be stated that bioLPSBV was able to remove about
20% of already bound LPSEC (Figure 5C), while LPSEC was able to
remove about 50% of already bound bioLPSBV (Figure 5D).

We have already demonstrated that LPSBV is able to induce tolerant
semi-mature BMDCs in vitro (Figure 3) and reduce established intes-
tinal inflammation in T cell-transplanted Rag1�/� mice harboring a
complex microbiota (Figure 4). So far, all experiments investigating
smBMDCs in vitro were performed in the absence of other LPS struc-
tures for the first 16 h of the semi-maturation process. Physiological
conditions in the colonic lumen provide the presence of different
commensal LPSs in large amounts at the same time. Therefore, we
stimulated BMDCs with weak agonistic LPSBV and prototype
agonistic LPSEC at the same time and at different concentrations
for 16 h (Figure 6A) to investigate if LPSBV-induced semi-maturation
even occurs in the presence of a strongMD-2/TLR4 receptor complex
agonist. Thus, we checked for the secretion of pro-inflammatory cy-
tokines and the surface expressions of MHC class II and TLR4.

We detected a concentration-dependent effect of LPSBV stimulation
on BMDCs in the absence of LPSEC (light blue lines in Figure 6B).
LPSBV concentrations of up to 100 ng mL�1 (which equals
50 ng/106 BMDCs) led to a semi-mature BMDC phenotype, as
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Figure 6. LPSEC-Induced BMDC Maturation Can Not Be Anticipated by the Simultaneous Presence of LPSBV In Vitro

(A) Experimental setting for (B): simultaneous stimulation of WT BMDCs (n = 3 mice) with LPSEC and LPSBV with varying concentrations of both LPSs. (B) Detection of

cytokine secretion and surface expressions of MHC class II and TLR4 of the experimental approach depicted in (A). Cytokine secretion was detected by ELISA. Surface

expressions of MHC class II and TLR4 were detected by flow cytometry. Squares with error bars represent mean ± SD.
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previously demonstrated in Figure 3. Using 1,000 ng mL�1 or 500 ng
pure LPSBV/106 cells resulted in a strong activation of BMDCs, as
indicated by high TNF, IL-6, and MHC class II surface expressions
(Figure 6B). This underlined and confirmed the observation that
LPSBV is not a MD-2/TLR4 receptor complex antagonist but rather
a weak agonist, with the overall concentration determining its final
endotoxicity. The addition of agonistic LPSEC to LPSBV-stimulated
BMDCs led to strong increases in secretion rates of pro-inflammatory
cytokines (Figure 6B) as well as in the expression of MHC class II
(Figure 6B) for all the used LPSEC concentrations. Therefore, the
simultaneous presence of LPSBV could not anticipate LPSEC-
induced maturation effects. Surprisingly, TLR4 expression on the
cell surface remained relatively constant among all differently stimu-
lated BMDCs (Figure 6B), indicating that no significant TLR4 endo-
cytosis is detectable upon binding of these two LPS structures to the
MD-2/TLR4 receptor complex, which was in opposition to what was
previously reported for other intestinal commensally derived LPSs.54

So far, these results indicated that the simultaneous encounter of
BMDCs with weak agonistic LPSBV and strong agonistic LPSEC pre-
vented LPSBV-induced semi-maturation. However, LPSBV adminis-
tration into mice harboring a complex microbiota reduced intestinal
inflammation. Since LPSBV-induced semi-maturation of CD11c+

cells might account for the observed inflammation-reducing effects
of LPSBV in vivo, we were interested to know how competition be-
tween LPSBV and endogenous LPS as well as other microbial compo-
nents from a complex mouse microbiota affects the phenotype of
CD11c+ cells. Therefore, we generated BMDCs from WT C57BL/6
mice, and we stimulated them with isolated LPSBV as described
before. Simultaneously, we added autoclaved feces that were taken
from Rag1�/� mice 4 weeks after T cell transplantation, which pro-
1984 Molecular Therapy Vol. 27 No 11 November 2019
vided severe intestinal inflammation (Figure 1B). These feces,
therefore, represent a DYSM composition that arises during intestinal
inflammation. The DYSM harbors various endogenous LPSs
competing with LPSBV for binding to the MD-2/TLR4 receptor com-
plex on LP CD11c+ cells as well as various other immunomodulating
components. Additionally, the DYSM represents the microbiota
composition LPSBV faced when it was administered to inflamed
Rag1�/� mice and exhibited inflammation-ameliorating properties.
DYSM stimulation of BMDCs resulted in slight, but not statistically
significant, increases in the secretions of pro-inflammatory cytokines
and T cell co-stimulatory molecules (Figure 7A). This indicated that
the DYSM impacted CD11c+ cell maturation, albeit not as strongly as
EC with agonistic LPS (Figure S9), at least at the chosen DYSM con-
centration. Interestingly, simultaneous stimulation of BMDCs with
DYSM and LPSBV induced significantly stronger expressions of
IL-6 and TNF as well as increased surface expressions of MHC class
II and CD40 than either of the stimuli administered alone.

Since simultaneous stimulation of BMDCs with DYSM and LPSBV
resulted in fully mature BMDCs, we pre-incubated BMDCs with
LPSBV (prime) for 24 h before adding the DYSM (challenge). As
seen in Figure 7B, pre-incubation of LPSBV resulted in an induction
of tolerance of IL-6 and TNF expressions, preventing the secretion of
pro-inflammatory cytokines in response to DYSM challenge. How-
ever, surface expressions of MHC class II and CD40 were not altered
in LPSBV-primed and DYSM-challenged BMDCs compared to un-
primed and DYSM-challenged BMDCs.

These experiments demonstrate that the simultaneous stimulation of
CD11c+ BMDCs cells with LPSBV and components of an endogenous
DYSM did not lead to semi-maturation. Therefore, we concluded that



Figure 7. LPSBV-Mediated BMDC Tolerance Is Induced in the Absence of Agonistic LPS and Protects from Pro-inflammatory Response to a Dysbiotic

Microbiota Composition

(A) Feces from Rag1�/� mice providing intestinal inflammation (DYSM) was autoclaved and prepared as described in the Materials and Methods. WT BMDCs (n = 4–5 mice)

were stimulated with DYSM, LPSBV (100 ng mL�1), or both simultaneously (DYSM + LPSBV). Cytokine secretion was detected by ELISA. Surface expressions of MHC class

II and CD40 were detected by flow cytometry and normalized to the mock control of BMDCs generated from the same individual. (B) WT BMDCs were stimulated (prime) with

either PBS (mock) or LPSBV for 24 h. Medium was changed and cells were stimulated afterward (challenge) with DYSM. Cytokine secretion was detected by ELISA. Surface

expressions of MHC class II and CD40 were detected by flow cytometry and normalized to an unchallenged mock control of BMDCs generated from the same individual.

Statistical analysis was performed using one-way ANOVA (A) or Student’s t test (B). p values <0.05 were considered to be statistically significant and are indicated with an

asterisk (*). Boxplots depict the mean as well as the 25th and 75th percentiles, and whiskers depict the highest and lowest values.
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LPSBV-mediated induction of smBDMCs required the absence of
agonistic LPS for the initial phase of semi-maturation induction.

DISCUSSION
BVMPK belongs to the gram-negative bacterial phylum Bacteroidetes,
representing one of the two most prominent phyla in the mammalian
gut.29,30 However, the proportion of Bacteroidetes in the intestinal mi-
crobiota is dependent on the inflammatory status of the gut. In ulcer-
ative colitis patients, the proportion of Bacteroides spp. is markedly
decreased,55 supporting the idea of Bacteroides spp. being important
beneficial players in the intestinal microbiota. Additionally, we have
already shown that the administration of BVMPK prevents disease
induction in different mouse models for experimental colitis,20–22

mainly by the induction of hyporesponsive semi-mature CD11c+ cells
(smDCs) in the cLP. These smDCs are responsible for the prevention
of pro-inflammatory immune responses.20–22,31 In this study, we
report that the administration of BVMPK drastically reduces estab-
lished and ongoing pathological inflammatory processes in the intes-
tine of a mouse model for experimental colitis using Rag1�/� mice.
These immune response-regulating properties were mediated by
LPSBV, as the healing effects could be obtained using purified LPSBV
only. We therefore propose that LPSBV might be a novel therapeutic
agent for the treatment of chronic gut inflammatory disorders, by
restoring physiological intestinal immune homeostasis.

BVMPK is not the only Bacteroides strain that exhibits such beneficial
immunomodulatory properties. BF was reported to protect against
intestinal inflammation in a mouse model for experimental colitis56

as well as against CNS demyelination and inflammation during
experimental autoimmune encephalomyelitis.48 Interestingly, these
properties were mediated by one of its capsular PSAs through inter-
action with host TLR2.48,56,57 So far, we have no information on the
chemical structure of BVMPK capsular polysaccharides, but the close
relation between BF and BVMPK and the convincing immune sys-
tem-regulating properties of BF PSA prompted us to check for a
contribution of TLR2 signaling to the observed immunological effects
in CD11c+ cells in response to LPSBV stimulation. This is of partic-
ular interest since such a TLR2-mediated signaling might be due to
contamination of the used LPSBV preparations with capsular poly-
saccharides45–48,56,57 and lipoproteins49–51 or due to the LPS
itself.43,44,58 Although a slight TLR2 activation was detected, LPSBV
preparations crucially mediated the induction of CD11c+ cell semi-
maturation via the MD-2/TLR4 receptor complex.

In this context, we demonstrated that the immunomodulatory prop-
erties of LPSBV are clearly distinguishable from that of strong TLR4
agonists such as, e.g., E. coli-derived prototype LPS, or antagonists,
which block any TLR4-mediated signaling. Since LPSBV did not
induce the expression of pro-inflammatory cytokines but actively
induced hyporesponsiveness toward subsequent LPS stimuli in
CD11c+ cells, thereby fairly merging the properties of TLR4 antago-
nists and agonists, we propose LPSBV to be a weak agonist concern-
ing its interaction with the MD-2/TLR4 receptor complex.

To elucidate how endogenous LPSs from a complex mouse micro-
biota affect the phenotype of CD11c+ cells, we autoclaved the feces
of inflamed Rag1�/� mice (DYSM). Hence, the DYSM represents
the endogenous LPS composition as well as other microbial com-
pounds LPSBV faced when it was administered to inflamed Rag1�/�

mice and exhibited inflammation-ameliorating properties. Interest-
ingly, simultaneous stimulation of BMDCs with DYSM and LPSBV
induced significantly stronger expressions of IL-6 and TNF as well
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Figure 8. Proposed Mechanism of HowWeakly Agonistic LPSBV Influences MD-2/TLR4 Receptor Complex Activation and Prevents the Initiation of a CD4+

T Cell-Mediated Immune Response via Modulation of the Intestinal CD11c+ Cells

Therapeutic administration of LPS from symbiotic B. vulgatus mpk ends up in large amounts in the intestine, exceeding the amount of present LPS from other intestinal

commensal bacteria. Excess LPSBV primes naive CD11c+ cells into a tolerant, tolerogenic, and semi-mature phenotype that fails to activate CD4+ T cells. This prevention of a

de novo activation of CD4+ T cells leads to a phase-out of ongoing inflammatory processes, while de novo induction of an immune response is prevented. However, our data

indicate that this only happens if LPSBV is the only TLR4 ligand that CD11c+ cells encounter when they are still naive and immature. LPSBV needs a certain period of time to

induce CD11c+ cell tolerance. Simultaneous encounter with agonistic LPS does not lead to CD11c+ cell tolerance, and it does not, therefore, promote abrogation of in-

flammatory processes.
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as increased surface expressions of MHC class II and CD40 than
either of the stimuli administered alone. This finding is most likely
due to the fact that the induction of cytokines as well as the expression
of cell surface markers follows a dose-response effect. It can be seen in
Figure 6B that the stimulation of BMDCs with high concentrations of
LPSBV results in the induction of TNF and IL-6 secretions. Adding
LPSBV and the DYSM sample simultaneously results in the stimula-
tion of the cells with high LPS levels, hence inducing the secretions of
proinflammatory cytokines and expressions of BMDC activation sur-
face markers. The anti-inflammatory potential of LPSBV is nicely
demonstrated in Figure 7B where BMDCs were primed with either
PBS (mock) or LPSBV and challenged with DYSM. In this experi-
ment, it can be clearly seen that priming the cells with LPSBV led
to reduced secretions of TNF and IL-6 upon a challenge with DYSM.

Referring to the therapeutic effects of LPSBV in efficiently reducing
intestinal inflammation, we conclude that the concentration of
LPSBV located in the intestinal lumen is a decisive factor and must
exceed the number of endogenous agonistic LPSs in order to induce
tolerant semi-mature CD11c+ in the LP. Such exceeding LPSBV con-
centrations are thought to enhance the probability that intestinal DCs
only encounter weak agonistic LPSBV by enhancing the ratio between
weak agonistic to endogenous agonistic LPSs. This seems to be indis-
pensable since we demonstrated that a simultaneous encounter with a
strong agonistic LPS prevented LPSBV-induced DC semi-maturation
and induced pro-inflammatory responses instead. We could further
demonstrate that prototype agonistic LPSEC was able to remove
already bound LPSBV from the MD-2/TLR4 receptor complex
more efficiently than vice versa.

In a scenario of exceeding LPSBV concentrations in the gastrointes-
tinal lumen, this effect is thought to be irrelevant. As demonstrated,
the endotoxicity of LPSBV is dependent on its concentration, and a
very high LPSBV concentration leads to complete DCmaturation un-
1986 Molecular Therapy Vol. 27 No 11 November 2019
derlying its weak agonistic properties, clearly distinguishing it from
an antagonist. Nevertheless, we demonstrated that the administration
of a daily dose of about 1 mg LPSBV/mouse via the drinking water led
to the observed inflammation-reducing effects in Rag1�/� mice with
colitis, indicating that such a concentration is sufficient to exceed the
amount of endogenous LPS in the gastrointestinal tract while simul-
taneously being in a semi-maturation-inducing concentration range.
Once CD11c+ cell semi-maturation is induced, this phenotype cannot
be overcome, and it is, therefore, thought to result in the prevention of
a de novo T cell activation in the intestine. Therefore, after a phase-out
of ongoing inflammatory processes, newly induced semi-mature DCs
through LPSBV administration would prevent a continuous T cell
activation (Figure 8) and, therefore, promote healing of damaged
colonic tissue.

In general, LPS is a potent MD-2/TLR4 receptor complex agonist
leading to strong intracellular signaling in target cells, resulting in
the transcription of genes associated with pro-inflammatory immune
responses.13 LPS-induced strength of this intracellular signaling is
widely considered to be mostly mediated by its lipid A portion.59,60

Lipid A structures of various Bacteroides spp. were already reported to
harbor 4–5 acyl chains and only 0–1 phosphate group.8 Since we re-
vealed strong genetic similarities between the lipid A synthesis core of
BVMPK and other Bacteroides spp., we suggest LPSBV also to be
hypo-acylated and hypo-phosphorylated compared to LPSEC.
Hexa-acylated and bis-phosphorylated E. coli lipid A is considered
to be the most potent activator of the MD-2/TLR4 receptor com-
plex-mediated signaling, since it was demonstrated that five of the
six acyl chains are buried inside the MD-2-binding cavity while the
sixth acyl chain points out to the MD-2 surface-mediating hydropho-
bic interactions with the TLR4 ectodomain, which are necessary for
TLR4 activation.12,34 This might partly explain the lower endotoxicity
of hypo-acylated lipid A structures lacking this sixth acyl chain and
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the weak agonistic activity of hypo-acylated LPSBV. Furthermore,
both 1- and 4’- phosphates on the lipid A diglucosamine backbone
were demonstrated to be important moieties for MD-2/TLR4 recep-
tor complex activation.13 Since Bacteroidales possessed only one
phosphate at position 1 of the reducing glucosamine,8 this may also
contribute to its weakly agonistic effects, as a missing 4’-phosphate
was demonstrated to result in a 100-fold reduction in endotoxic
activity.61

We suppose the weak agonistic features of LPSBV to be responsible
for the observed healing effects in mice with intestinal inflamma-
tion. In this context, weak agonistic LPS is thought to induce a
weaker, but still detectable, intracellular signaling and NF-kB activa-
tion, providing a basic anti-inflammatory intracellular transcription
program without exceeding a pro-inflammatory threshold. Further-
more, LPSBV leads to the active induction of hyporesponsive
CD11c+ cells. These properties clearly distinguish LPSBV from
strong agonistic LPSEC, which induces endotoxin tolerance but
also strong pro-inflammatory signaling. However, weak agonistic
LPS is also different from antagonistic LPS, which does not promote
pro-inflammatory reactions but also does not promote tolerance in-
duction in TLR4-expressing cells. The property of LPSBV of being
an effective ligand for the MD-2/TLR4 receptor complex and, at
the same time, a weak agonist must, of course, be attributed to its
chemical structure. We think that this is a chemical paradigm of
the commensal intestinal microbiota LPS, contributing to the adap-
tion of microbes to the host. In line with this, other groups reported
on the contribution of Bacteroides LPS to the preservation of intes-
tinal homeostasis.8 However, our study represents the first success-
ful attempt to actively restore intestinal immune homeostasis in
mice providing severe intestinal inflammation by using commen-
sally derived LPS.

However, the immunogenic effects of weak agonistic LPS seem to be
situation dependent. In another study, Vatanen et al.33 revealed a
higher incidence of type 1 diabetes (T1D) in children who were less
exposed to strong agonistic LPS in early childhood, accompanied
by higher proportions of microbes harboring hypo-acylated and
hypo-phosphorylated LPS. In line with this, continuous intraperito-
neal administration of E. coli LPS starting shortly after birth delayed
the onset of T1D in non-obese diabetic (NOD)/Shilt mice while the
administration of hypo-acylated and hypo-phosphorylated BD LPS
failed to do so.33 This study supported the hygiene hypothesis that as-
sumes that early exposure to highly immunogenic microorganisms in
early childhood benefits immune system development and protects
the host from allergic and autoimmune diseases. At first sight, these
observations seem to be contradictory to our results. Though, in
our study, we aimed to actively re-establish immune homeostasis
from severe intestinal inflammation in adult animals. This approach
is different from the aim to protect from spontaneous disease onset
throughmicrobiota modulation in infants. Additionally, other groups
consider hypo-phosphorylated and hypo-acylated Bacteroides LPS to
be antagonistic. However, we have clearly demonstrated that these
LPS structures rather act as weak agonists.
Our results and those of other groups raise the question of the poten-
tial use of weak agonistic LPS as a suitable therapeutical tool to restore
homeostatic conditions not only in experimental mouse models but
also in IBD patients. Therapy of IBD patients is, to date, restricted
to a general suppression of the patient’s immune response, often asso-
ciated with undesirable side effects. LPS (derivative)-based treatment
might avoid this problem by acting only locally at the site of inflam-
mation, the intestine.

Although our results strongly indicate a direct LPS-mediated modu-
lation of CD11c+ cells in the intestinal LP to be the key driver for the
observed healing effects, we cannot completely rule out that the re-
establishment of intestinal homeostasis only represents a secondary
effect in response to a potential LPSBV-induced microbiota shift
from dysbiotic to homeostatic.

Nevertheless, we aim to promote purified LPSBV as an alternative for
the treatment of intestinal inflammatory disorders or IBD, providing
evidence that this compound demonstrated its beneficial effects as not
being an antagonist but rather a weak agonist. Concluding, we
contribute this study to IBD therapy-related research, offering a
completely new approach that avoids the disadvantages of current
state-of-the-art IBD therapies.

MATERIALS AND METHODS
Mice

C57BL/6 mice were purchased from Charles River Laboratories, and
C57BL/6J-Rag1tm1Mom (Rag1�/�) mice were obtained from our own
breeding. All animals were kept and bred under specific pathogen-
free (SPF) conditions in individually ventilated cages (IVCs),
receiving standard chow and regular drinking water. For the isolation
of bone marrow from C57BL/6 mice, only female mice aged
6–12 weeks were used. Rag1�/� mice were used as a mouse model
for T cell transplantation-dependent experimental chronic colitis.
Animal experiments were reviewed and approved by the responsible
institutional review committee and the local authorities (Regierung-
spräsidium Tübingen, Permit H6/10, Anzeigen 01.12.11, 09.01.15,
14.06.17).

T Cell-Mediated Induction of Chronic Colitis in Rag1–/– Mice

C57BL/6J-Rag1tm1Mom (Rag1�/�) mice were transplanted with
5 � 105 splenic CD4+CD62L+CD45RBhiC WT T cells at 8–10 weeks
of age. Rag1�/� mice harbored a so-called DYSM, which efficiently
triggers the induction of pathological intestinal inflammation upon
transplantation of naive T cells, as reported previously.7,22 This
microbiota was absent of Norovirus, Rotavirus, andHelicobacter hep-
aticus. Furthermore, detailed next-generation sequencing-based anal-
ysis of DYSM composition revealed a significantly increased relative
abundance of the bacterial phyla Proteobacteria, Verrucomicrobia,
and Firmicutes, while the relative abundance of Bacteroidetes was
drastically reduced compared to a symbiotic microbiota composition,
as published previously by our group.7 During the experiments,
Rag1�/� mice were kept under SPF conditions in IVCs and analyzed
8 weeks after T cell transplantation, as indicated in the Results.
Molecular Therapy Vol. 27 No 11 November 2019 1987
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[18F]fluoride was produced by using 18O (p,n) 18F nuclear reaction
on the PETtrace cyclotron (General Electric Medical Systems,
GEMS, Uppsala, Sweden). [18F]FDG synthesis was performed as
described elsewhere.62 After the synthesis, specific activity was
calculated and revealed to be >50 GBq/mmol with a radiochemical
purity of >99%.

In Vivo PET Imaging

High-resolution PET imaging was performed using two identical
small animal Inveon microPET scanner (Siemens Medical Solutions,
Knoxville, USA) with a spatial resolution of 1.4 mm in the recon-
structed images (field of view [FOV]: transaxial, 10 cm; axial,
12.7 cm).63 By applying iterative ordered subset expectation maxi-
mization (OSEM) 2D algorithm for reconstruction, list mode data
were processed. Mice were anesthetized with 1.5% isoflurane
(Abbott, Wiesbaden, Germany) vaporized with O2 (1.5 L/min)
and injected intravenously (i.v.) into the tail vein with 8.3 ±

1.3 MBq [18F]FDG. After tracer injection, animals were kept anes-
thetized for 60 min, in an anesthesia box, placed on a heating pad
to maintain body temperature of animals during tracer uptake
time. Shortly before the end of the uptake time, mice were placed
in the FOV of the PET scanner on a warmed (37�C) scanner bed.
Static (10-min) PET scans were performed on weeks 0, 4, 6, and
8 after T cell application. Data were corrected for decay, normalized
to the injected activity, and analyzed using Pmod Software (PMOD
Technologies, Zurich, Switzerland) by drawing regions of interest
over the intestine.

Bacteria

The bacteria used for stimulation of the mouse BMDCs were EC and
BVMPK, which were described in detail previously.20–22,31,64 Addi-
tionally, we used BD CL02T12C06, BTIO VPI-5482, BV8482
ATCC 8482, and BF ATCC 25285, DSM 2151. The EC strain was
grown in Luria-Bertani (LB) medium under aerobic conditions at
37�C. All Bacteroides strains were grown in brain-heart-infusion
(BHI) medium and anaerobic conditions at 37�C.

Comparison of Bacteroides spp. Lipid A Synthesis Genes

Lipid A synthesis genes were identified in BVMPK (GenBank:
NZ_CP013020.1) using the B. vulgatus ATCC8482 type strain
genome sequence (GenBank: NC_009614.1). The amino acid
sequences of all lipid A synthesis enzymes of BVMPK were
subsequently compared to BD CL02T12C06 (GenBank:
NZ_AGXJ00000000.1), BTIO VPI-5482 (GenBank: NC_004663.1),
BF NCTC 9343 (GenBank: NC_003228.3), and E. coli K12 MG1655
(GenBank: NC_000913.3), using the standard protein BLAST
(blastp suite).

Isolation of LPSBV and LPSEC

The lyophilized bacterial pellet was washed several times with distilled
water, ethanol, and acetone, followed by several ultracentrifugation
steps (45,000 rpm at 4�C) in order to remove cell, growth broth,
and capsular contaminants.
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Cells were extracted by hot phenol-water extraction.65 Water and
phenol phases were both exhaustively dialyzed and lyophilized. After
inspection by SDS-PAGE, an enzymatic treatment to remove proteins
and nucleic acids was executed, followed by a dialysis step. The SDS-
PAGE executed on both purified water and phenol phases highlighted
the presence of LPS only in the water phase from which it was further
purified.

Biotinylation of LPSBV

10 mg LPSBV was biotinylated with EZ-Link Micro Sulfo-NHS-LC-
Biotinylation Kit (Thermo Scientific), according to the manufac-
turer’s protocol, using PBS as a solvent. To remove PBS, an exhaustive
dialysis against distilled water was performed. The biotinylated LPSBV
(bioLPSBV) was then collected and lyophilized. For in vitro experi-
ments, lyophilized bioLPSBV was dissolved in distilled water in con-
centrations not higher than 1 mg mL�1.

Cultivation of BMDCs

Bone marrow cells were isolated from C57BL/6 WT, TLR2-deficient,
TLR4-deficient, and TLR2 � TLR4 double-deficient mice and culti-
vated as described previously.66 At day 7 after isolation, the resulting
CD11c-positive dendritic cells were used for stimulation experiments.

Stimulation of BMDCs

2� 106 BMDCs were stimulated with PBS, BVMPK, or EC at anMOI
of 1 or the respective isolated LPS at concentrations as indicated in the
Results. Cells were stimulated for a maximum of 24 h. If viable bac-
teria were used for stimulation, gentamycin was added at a final con-
centration of 1 mg mL�1 to avoid bacterial overgrowth under aerobic
conditions. If a second challenge was used, cells were stimulated with
bacteria or LPS preparations for 24 h. Cell culture medium was
changed before challenging the cells with a second stimulus for a
maximum of additional 16 h. PBS was used as a mock stimulation
control. For stimulation with a DYSM composition, feces were
collected from living SPF Rag1�/� animals exhibiting severe intestinal
inflammation, 4 weeks after T cell transplantation. Feces were auto-
claved for 15 min at 121�C and weighed, and sterile PBS was added
to obtain a final concentration of 50 mg mL�1. Homogemnized feces
were then filtered through a 100-mm sieve. The filtered suspension
was diluted by a factor of 2.5, and 5 mL was added to 1 mL cell culture
medium containing 106 BMDCs. The competitive TLR4 antagonist
TAK242 was added at a final concentration of 10 mM at 1 h prior
to stimulation with LPS, Pam2CSK4, flagellin from S. Typhimurium
(FLA-ST), or viable bacteria.

Stimulation of HEK Cells

2 � 105 HEK cells expressing murine CD14, MD-2, and
TLR4 (mTLR4-HEK) in 1 mL medium were stimulated with
1–1,000 ng mL�1 isolated LPS or bacteria (MOI 1) for the time points
indicated in the Results.

Detection of Bound Biotinylated LPSBV

After incubation with biotinylated LPSBV, mTLR4-HEK cells were
scraped off, washed once in PBS + 1% fetal calf serum (FCS), and
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incubated with Strep-PE for 30 min, followed by another washing
step. Cell-attached Strep-PE was detected by flow cytometry. All ex-
periments to be compared were carried out in one experimental
setting to guarantee for comparability of the detected MFI (median
fluorescence intensity) values of the PE fluorescence.

Cytokine Analysis by ELISA

For the analysis of secreted cytokines (IL-6, IL-10, and TNF), ELISA-
based detection kits were purchased from BD Biosciences and used
according to the manufacturer’s instructions.

Flow Cytometry Analysis

Multi-color flow cytometrical (FCM) analyses were performed on a
FACS Calibur or FACS LSRII (BD Biosciences). All fluorochrome-
coupled antibodies were purchased from BD Biosciences if not stated
otherwise. Data were analyzed using the FlowJo software (Tree Star,
USA).

ALDH Activity Assay

Intracellular ALDH activity in BMDCs was assayed using the Alde-
fluor kit (STEMCELL Technologies), according to the manufacturer’s
instructions. Samples treated with the specific ALDH inhibitor dieth-
ylaminobenzaldehyde (DEAB) served for the determination of base-
line fluorescence and defining ALDH-positive cells (Figure S5).

Purification of RNA and Quantitative Real-Time PCR

Purification of RNA from colonic scrapings was performed using
QIAGEN’s RNeasyMini Kit, according to themanufacturer’s instruc-
tions. Additional DNA digestion was conducted by using 4 U rDNase
I and 40 U rRNasin for an RNA solution of 0.1 mg mL�1. After 30 min
of incubation at room temperature (RT), DNase was inactivated using
Ambion DNase inactivation reagent, which was later removed by
centrifugation for 1 min at 10,000 � g. SybrGreen-based qRT-PCR
was performed on a Roche LightCycler480 using QIAGEN SybrGreen
RT-PCR Kit. Primer annealing occurred at 60�C. 10–100 ng DNA-di-
gested RNA was used for qRT-PCR. Relative mRNA expression in
BMDCs stimulated with bacteria to unstimulated BMDCs was deter-
mined, with b-actin as the housekeeping gene, using the DDCp
method that included the specific amplification efficiency of every
used primer pair and each PCR run.

Primer Sequences

Primers used for qRT-PCR were as follows: Aldh1a2 forward, 50-AA
GACACGAGCCCATTGGAG-30; reverse, 50-GGAAAGCCAGCCT
CCTTGAT-30; and b-actin forward, 50-CCCTGTGCTGCTCACC
GA-30; reverse, 50-ACAGTGTGGGTGACCCCGTC-30.

Isolation of LP DCs and T Cells and the Adoptive Transfer of T

Cells

Isolation of LP cells was performed as reported previously.67 For
adoptive transfer, splenic CD4+ T cells from C57BL/6 mice were pu-
rified using a magnetic-activated cell sorting (MACS)-based negative
selection kit (Miltenyi), according to the manufacturer’s instructions.
The isolated cells were stained for CD3ε, CD4, CD62, and CD45RB
for reanalysis; purity was generally >90% with >80% being
CD3ε+CD4+CD62L+CD45RBhi. 5 � 105 CD4+ T cells were injected
intraperitoneally (i.p.) into Rag1�/� mice, as described previously.68

Histology

Colonic tissues were fixed in neutral buffered 4% formalin.
Formalin-fixed tissues were embedded in paraffin and cut into
2-mm sections. They were stained with H&E (Merck) for histological
scoring. Scoring was conducted in a blinded fashion on a validated
scale of 0–3, with 0 representing no inflammation and 3 represent-
ing severe inflammation characterized by infiltration with inflam-
matory cells, crypt hyperplasia, loss of goblet cells, and distortion
of architecture.69

Antibodies

The following antibodies were used for flow cytometry analysis of
intracellular and surface proteins: anti-mouse CD11c-allophycocya-
nin (APC) (clone H3; Becton Dickinson), anti-mouse MHC class
II-fluorescein isothiocyanate (FITC) (clone 2G9, Becton Dickinson),
anti-mouse MHC class II-BV510 (clone 2G9, Becton Dickinson),
anti-mouse CD40-FITC (clone 3/23, Becton Dickinson), anti-
mouse CD40-BV421 (clone 3/23, Becton Dickinson), anti-mouse
CD80-FITC (clone B7-1 (16-10A1), Becton Dickinson), anti-
mouse CD86-FITC (clone GL1, Becton Dickinson), anti-mouse
p65-PE (pS534) (clone 96H1, Becton Dickinson), anti-mouse
Ly6G/Ly6C-FITC (clone GR-1/RB-68C5, Becton Dickinson), anti-
mouse CD45R-FITC (clone RA3-6B2, Becton Dickinson), anti-
mouse CD64-FITC (clone X54-5/7.1, Becton Dickinson), anti-mouse
CD45-BV421 (clone 30-F11, Becton Dickinson), anti-mouse CD11b-
BV605 (clone M1/70, Becton Dickinson), anti-mouse CD103-PerCP-
Cy5.5 (clone M290, Becton Dickinson), and anti-mouse TLR4-biotin
(clone SA15-21, BioLegend).

Statistics

For comparisons of two groups, a parametric Student’s t test was used
for normally distributed values. For multiple comparison of more
than two groups, one-way ANOVAwas used for normally distributed
values and non-parametric Kruskal-Wallis test was used elsewhere.
p values are indicated in the figures; p values <0.05 were considered
to be significant.
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