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Introduction

Summary

In the present study, we have found that intestinal flora strongly influ-
ence peritoneal neutrophilic inflammatory responses to diverse stimuli,
including pathogen-derived particles like zymosan and sterile irritant par-
ticles like crystals. When germ-free and flora-deficient (antibiotic-treated)
mice are challenged with zymosan intraperitoneally, neutrophils are mark-
edly impaired in their ability to extravasate from blood into the perito-
neum. In contrast, in these animals, neutrophils can extravasate in
response to an intraperitoneal injection of the chemokine, macrophage
inflammatory protein 2. Neutrophil recruitment upon inflammatory chal-
lenge requires stimulation by microbiota through a myeloid differentia-
tion primary response gene (88) (MyD88) -dependent pathway. MyD88
signalling is crucial during the development of the immune system but
depending upon the ligand it may be dispensable at the time of the actual
inflammatory challenge. Furthermore, pre-treatment of flora-deficient
mice with a purified MyD88-pathway agonist is sufficient to restore neu-
trophil migration. In summary, this study provides insight into the role
of gut microbiota in influencing acute inflammation at sites outside the
gastrointestinal tract.
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their utilization. The nutritive benefits of gut flora extend
to carbohydrate fermentation and absorption, lipid stor-

The large intestinal tract of humans and other vertebrates
is inhabited by numerous and diverse bacterial popula-
tions. The extent of microbial colonization is such that
the number of microbial cells outnumbers the total num-
ber of cells in the human body 10-fold. The combined
microbial gene set similarly exceeds the human gene com-
plement about 150-fold."? The intestinal flora plays a
vital role in gut physiology. The mammalian digestive
system is limited in its ability to produce all the enzymes
that are required to metabolize the vast repertoire of
energy substrates that are consumed and the gut flora
complements the host’s digestive system in maximizing

age and secretion of vitamins and amino acids and
absorption of minerals.” Besides their role in digestion,
intestinal flora contributes to intestinal epithelial cell
growth and proliferation and development of mucosal
immunity.

Mice bred in germ-free conditions are more susceptible
to pathogens like Salmonella enterica,* Listeria monocytog-
enes,” Klebsiella pneumonia6 and Candida albicans.” The
role of intestinal flora in preventing enteric infections was
initially attributed to its ability to prevent invasion and
colonization by opportunist pathogens in the intestinal
niche. However, in recent years it has become increasingly

Abbreviations: ASC, apoptosis-associated speck-like protein; CD11b, cluster of differentiation molecule 11b; cKO, conditional
knockout; CXCR2, chemokine (C-X-C motif) receptor 2; IL-10, interleukin-10; IL-1R, interleukin-1 receptor; LPS, lipopolysac-
charide; MAVS, mitochondrial antiviral signalling;s MDAS5, melanoma differentiation-associated gene 5; MIP-2, macrophage
inflammatory protein 2; NLRP3, NOD-like receptor family, pyrin domain-containing 3; NOD1, nucleotide-binding, oligomeriza-
tion domain-containing protein-1; RIG-, retinoic acid-inducible gene-I; RIP-2, receptor interacting protein-2; SPF, specific

pathogen-free; TLR, Toll-like receptor
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apparent that the host microbiota plays a more active role
in the development and functioning of the immune sys-
tem in the gastrointestinal system. Germ-free mice have
anatomical defects in the gut-associated lymphoid tissue,
including poorly developed Peyer’s patches and isolated
lymphoid follicles, fewer plasma cells and fewer intraepi-
thelial lymphocytes.* '' These animals also produce lower
levels of antimicrobial peptides and immunoglobulin A in
their gastrointestinal tract.'®'? Certain species of the mic-
robiota, namely segmented filamentous bacteria, have
been shown to induce the production of T helper type 17
cells in the small intestinal lamina propria.'® Likewise, the
gut organism Bacteroides fragilis facilitates the production
of inducible regulatory T cells in the gut.'"* Hence, com-
mensal microbiota are pivotal for the development of
gut-associated immunity.

Recent studies have demonstrated that gut flora have
more far-reaching effects on host adaptive systemic
immunity. Germ-free mice have a systemic defect in the
proliferation of effector CD4" T cell numbers and exhibit
a T helper type 1/type 2 imbalance."> Mazmanian et al.
showed that in the absence of intestinal flora, splenic
CD4" T cells made more interleukin-4 (IL-4) and low
levels of interferon-y, which was characteristic of a T
helper type 2 response. There is much less information
available as to how the gut flora influences innate immu-
nity at sites outside the gastrointestinal tract, although
commensal flora has been shown to influence bone mar-
row and blood neutrophils in ways that promote their
phagocytosis of Streptococcus pneumoniae and Staphylococ-
cus aureus."® In this study, we sought to determine the
contribution of intestinal flora in regulating acute neutro-
philic inflammatory responses.

In acute inflammatory responses there is a rapid
recruitment of neutrophils from the blood to the affected
tissue site. Diverse agents including invading pathogens,
injured or dead cells and other irritants like crystals may
stimulate this response. These pro-inflammatory agents
are sensed by tissue-resident cells like macrophages, den-
dritic cells and mast cells. The latter, once activated,
release inflammatory mediators like histamines, prosta-
glandins and cytokines like interferon-y, macrophage
inflammatory protein-2 (MIP-2), tumour necrosis factor-
o and IL-1. These mediators promote vasodilatation and
also activate the endothelium, facilitating the transmigra-
tion of leucocytes into the affected tissue.

Neutrophils, once recruited to the site of infection, are
powerful phagocytes that ingest and kill microbes by oxi-
dative (e.g. reactive oxygen species) and non-oxidative
(e.g. various proteases) mechanisms.'” The importance of
neutrophil function is evident in individuals who have
defects in neutrophil chemotaxis, phagocytic functions or
who have neutropenia.'®® These individuals are more
prone to bacterial infections. On the other hand, microbi-
cidal molecules released from activated and dying
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neutrophils can cause bystander damage to healthy tissue.
The consequent cell injury and death can itself cause or
aggravate disease. Accordingly, it is important to elucidate
the factors controlling neutrophilic inflammation. In this
study we describe the surprising finding that the gut flora
influences the ability of animals to mount a systemic
acute neutrophilic inflammatory response in the perito-
neum and characterize the underlying basis for this
observation.

Materials and methods

Mouse strains

Specific pathogen free (SPF) C57BL/6 mice and IL-1R™/~
mice were purchased from The Jackson Laboratories (Bar
Harbor, ME). Germ-free C57BL/6 mice were obtained
from The National Gnotobiotic Rodent Resource Center,
North Carolina State University Gnotobiotics Unit and
Gnotobiotic Research Resource, Medical University of
South Carolina. MyD88 '~ mice were provided by Dr
Shizuo Akira, Osaka University, Osaka, Japan or pur-
chased from The Jackson Laboratories. RIP2~/~ mice
were provided by Dr Michelle Kelliher and RIG-I /" and
MDA5 '~ mice were provided by Dr Kate Fitzgerald
(University of Massachusetts Medical School, Worcester,
MA). NODI™"~ mice were provided by Dr Grace Chen,
University of Michigan, Ann Arbor, MI. For generating
the tamoxifen-inducible deletion mutant mice of MyD88,
we used a strategy similar to the one described previ-
ously.”® MyD88 '~ mice were crossed to the whole tissue,
tamoxifen-inducible Cre transgenic mice (Rosa26-Cre/
ESR™™") (provided by Dr Roger Davis, University of Mas-
sachusetts Medical School, Worcester, MA). The resultant
offspring, ~MyD88"~ Rosa26-Cre/ESR*'~ mice were
crossed to the MyD88"*/"°* mice (provided by Dr Robert
Finberg, University of Massachusetts Medical School,
Worcester, MA) to generate the MyD88 " Rosa26-Cre/
ESR™~ (conditional knockout; cKO). Animals were
housed and handled according to protocols approved by
the University of Massachusetts animal care and use
committee.

Peritonitis

Mice were injected intraperitoneally with 0-2 mg zymosan
(Sigma-Aldrich, St Louis, MO), 0-5 mg silica crystals
(Sigma-Aldrich), 0-5 mg monosodium urate crystals or
5 ng recombinant murine MIP-2 (R&D Systems, Minne-
apolis, MN) in 0-2 ml PBS. For the thioglycollate injec-
tions, 1 ml of 3% thioglycollate (Thermoscientific,
Lenexa, KS) was used. The monosodium urate crystals
were prepared as described before.”! Mice were killed by
exposure to isoflourane 4-16 hr after the injection. The
peritoneum was lavaged with 2 ml Dulbecco’s modified
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Eagle’s medium with 2% fetal calf serum, 3 mm EDTA
and 10 U/ml heparin. The peritoneal cells were stained
with antibodies against mouse Ly-6G, CD11b (both from
BD Bioscience, San Jose, CA), 7/4, F4/80 (both from
eBioscience, San Diego, CA). The percentage and absolute
numbers of different cell types were determined by flow
cytometric analysis and cell-counting beads (Life Technol-
ogies, Grand Island, NY). FACS analysis was performed
using a BD Biosciences LSRII Flow cytometer and FLowJo
(Tree Star, Ashland, OR) analysis software. In other
experiments, cells from blood were analysed and quanti-
fied by flow cytometry. Expression of CXCR2, CD62
ligand and CD44 on neutrophils in blood was quantified
using antibodies purchased from eBioscience.

Intestinal flora depletion using antibiotics

C57BL/6 and MyD88 ™/~ mice were treated with a cocktail
of broad-spectrum antibiotics in their drinking water
starting from birth to the time they were used in experi-
ments as described before.”” The antibiotic cocktail con-
sisted of ampicillin 1 g/l, neomycin 1 g/l, metronidazole
1 g/l (Sigma-Aldrich) and vancomycin 0-5 g/l (Phyto-
Technology Laboratories, Shawnee Mission, KS). The arti-
ficial aspartame sweetener, Equal (Merisant Company,
Chicago, IL) was added to the water 5 g/l to make it pal-
atable for the mice to drink. Pups received the antibiotics
indirectly via lactating mothers till they were weaned.
Drinking water containing the antibiotics was replaced
every week.

16S rRNA quantification

DNA was isolated from colonic contents of mice by the
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).
The quantitative PCR primers used to amplify the bacte-
rial 16S V2 region were sense, 5-AGYGGCGIACGG
GTGAGTAA-3'; and anti-sense, 5'-CYIACTGCTGCCTCC
CGTAG-3'". Quantitative PCR primers used to amplify the
housekeeping gene GAPDH were sense 5-TGATGGGTGT
GAACCACGAG-3’; and anti-sense 5'-TCAGTGTAGCC-
CAAGATGCC-3". Quantitative PCR was performed using
the iQ SYBR Green supermix on the CFX96 Touch Bio-
Rad machine (Bio-Rad, Hercules, CA). The PCR cycling
reaction used was 15 min activation step (95°C); 35
cycles of 30 seconds denaturation (95°C), 30 seconds
annealing (60°), and 30 seconds extension (72°C).

Lipopolysaccharide treatment

Lipopolysaccharide (LPS) from Escherichia coli, serotype
026:B6, purified by gel-filtration chromatograph (Sigma
Aldrich) was administered in the drinking water of
mice at a concentration of 33 mg/l from 3 to 5 weeks of
age.
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Tamoxifen-induced deletion of MYD88

Tamoxifen (Sigma-Aldrich) solution was prepared in corn
oil (Sigma-Aldrich) at 10 mg/ml by incubating at 37°C
for 2 hr. To induce deletion of floxed genes in adult
mice, tamoxifen (50 mg/kg of body weight) was adminis-
tered to floxed mice by oral gavage for three alternate
days. Mice were used in experiments 7 days after the last
administration. For treating pups, lactating mothers were
treated intraperitoneally with tamoxifen (200 mg/kg of
body weight) from the day of birth for 5 consecutive
days.

Quantitative PCR to detect deletion of floxed MYD88
gene

The efficiency of deletion of floxed MyD88 allele was
assessed using Taqgman PCR using primers and the
method described previously.””> The PCR cycling reaction
was performed on the C1000 Thermal Cycler (Bio-Rad).

Phagocytosis assay

Efficiency of phagocytosis by peritoneal cells was assessed
as described before.** Briefly, FITC-conjugated zymosan
(0-8 mg/ml) was prepared in Dulbecco’s modified Eagle’s
medium + 20% fetal bovine serum. Peritoneal cells plated
at 0-5 million cells/well of a 48-well plate were incubated
with 500 ul of the FITC-conjugated zymosan solution for
45 min at 37°C. The reaction was terminated by transfer-
ring the plate to 0°C. The uningested zymosan was
removed by washing wells with Hanks’ balanced salt solu-
tion. Cells were scraped off the plate and resuspended in
2 mg/ml trypan blue to quench cell-surface-bound zymo-
san. In the control group, cells were incubated with
zymosan at 0°C throughout the incubation. The efficiency
of phagocytosis, ‘phagocytosis index’, was calculated as %
of F4/80 cells that were FITC" x MFI of F4/80 cells.

Statistical analyses

Data are reported as means = SEM. Statistical analysis in
each independent experiment was performed with an
unpaired, two-tailed Student’s #-test.

Results

Germ-free and flora-deficient (antibiotic-treated) mice
have a defect in peritoneal neutrophilic inflammation

To investigate the role of commensal microbiota in acute
inflammation, we examined the recruitment of neutroph-
ils to various inflammatory stimuli in the peritoneal cav-
ity in mice bred in germ-free conditions. We found that
germ-free mice showed a dramatic reduction in the
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number of infiltrating neutrophils compared with SPF
mice in the peritoneum after inflammatory stimulation.
This defect in acute inflammation was observed in chal-
lenge with microbial components like zymosan, a compo-
nent of yeast cell wall and thioglycollate (Fig. la,b), as
well as with sterile ligands like silica and monosodium
urate crystals (Fig. 1c,d). In subsequent experiments we
focused on analysing the responses to peritoneal challenge
with zymosan because this agent was easy to administer
and gave strong and consistent results. Also, this zymo-
san-induced neutrophil infiltration is independent of IL-
1, which was important for some of the experiments we
described below. This phenotype of reduced inflammation
observed in germ-free animals was replicated in mice
treated with a cocktail of broad-spectrum antibiotics from
birth to the time they were used in experiments (Day 0
to Day 45) (see Supplementary material, Fig. S1a); micro-
bial 16S ribosomal RNA was undetectable by PCR in
these animals, indicating that they had severely reduced
microbial flora, as has been described by others* (see
Supplementary material, Fig. S2). Because of the limited
availability of germ-free mice, most subsequent experi-
ments were performed using flora-deficient mice.
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Figure 1. Mice lacking intestinal flora are defective in neutrophil
recruitment to diverse inflammatory stimuli. Total neutrophil num-
bers in the peritoneum of specific pathogen-free (SPF) C57BL/6 and
germ-free C57BL/6 mice 4 h after intraperiteonal injection of (a)
0-2 mg zymosan, (b) 1 ml 3% thioglycollate, (c) 0-5 mg silica crys-
tals, and (d) 0-5 mg monosodium urate (MSU) crystals. Numbers of
neutrophils were determined by multiplying total cell number by
percentage of Ly-6G* 7/4*. All data are combined results of three or
more experiments and represented as mean + SEM. n = Total num-
ber of mice used per datum group. In all panels PBS group repre-
sents SPF C57BL/6 mice challenged with PBS and lavaged after 4 hr.
*P = 0-04, **P = 0-0025, ***P < 0-0001 versus SPF animals.
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The lowered numbers of neutrophils observed in the
peritoneum in flora-deficient mice after 4 hr was not the
result of delayed migration of neutrophils, because these
mice exhibited defective neutrophil migration even 16 hr
after inflammatory challenge (see Supplementary material,
Fig. S1b). We sought to examine the precise step at which
microbiota regulate neutrophil activation and migration.
Neutrophils originate and mature in the bone marrow."”
Mature neutrophils subsequently leave the bone marrow
and circulate in the bloodstream. Cytokines generated at
the site of inflammation stimulate an increase in produc-
tion of neutrophils in the bone marrow and their release
into the bloodstream and chemotactic factors promote
their subsequent migration into the inflamed area. We
observed that in the absence of an inflammatory chal-
lenge, there is no statistically significant reduction in the
number of peripheral blood neutrophils in the flora-defi-
cient mice (Fig. 2a). Moreover, when flora-deficient mice
were challenged with zymosan, the total blood count of
neutrophils was significantly higher than that of their SPF
counterparts (Fig. 2c). There was no defect in the
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Figure 2. Flora-deficient mice appear to have a specific defect in the
recruitment of neutrophils from blood into the inflamed tissue. (a,
¢) Total number of neutrophils in 1 ml blood in (a) unstimulated
specific pathogen-free (SPF) C57BL/6 and flora-deficient C57BL/6
mice and in (c) 1 ml blood of mice injected with 0-2 mg zymosan.
(b, d) % of mature neutrophils in SPF C57BL/6 and flora-deficient
C57BL/6 mice as assessed by their expression of Ly6G and CD11b by
FACS analysis in (b) peripheral blood of unstimulated mice or (d)
peripheral blood of mice stimulated with 0-2 mg zymosan. The % of
mature neutrophils was calculated as total number of
CD11b" Ly6G" cells/total number of CD11b" Ly6G'® and CD11b*
Ly6G™ cells x 100. All data are combined results of three or more
experiments and are represented as mean + SEM. n = Total number
of mice used per datum group. *P = 0-04, Not significant (N.S.)
versus SPF animals.
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maturation of neutrophils in flora-deficient mice before
or after an inflammatory stimulus, because we observed
similar percentages of mature neutrophils in the periph-
ery as in the SPF animals (Fig. 2b,d). The increased num-
ber of peripheral neutrophils in flora-deficient mice after
zymosan challenge is presumably the result of a larger
pool of marginated cells in the flora-deficient mice com-
pared with control mice, which is then rapidly mobilized
upon challenge with zymosan. These data indicated that
the defective recruitment of neutrophils in the perito-
neum is not the result of lower production of neutrophils
in the flora-deficient mice. This suggested a role for intes-
tinal flora in influencing the extravasation of neutrophils
from the bloodstream into the inflamed tissue site.

In the peritoneum, resident macrophages have been
shown to sense pro-inflammatory stimuli and produce
cytokines that initiate inflammation.”> Therefore, we
quantified the numbers of resident macrophages (CD11b"
F4/80" cells) in the peritoneum of SPF and flora-deficient
mice and found that they were similar (see Supplemen-
tary material, Fig. S3a). Moreover, peritoneal cells from
flora-deficient mice were as efficient as those from SPF

Neutrophilic inflammatory responses

mice in their phagocytosis of zymosan (see Supplemen-
tary material, Fig. S3b), which was consistent with previ-

ous reports.26

Flora-deficient mice do not have a generalized defect
in either endothelial or neutrophil function

Neutrophil extravasation through blood vessels into tis-
sues is facilitated by cell adhesion molecules expressed by
neutrophils and the endothelium. Neutrophils in the
blood of flora-deficient animals showed similar or
(higher) percentages and mean fluorescence intensity of
expression of cell adhesion molecules like CD44, CD62
ligand, and the chemokine receptor, chemokine (C-X-C
motif) receptor 2 (CXCR2) (Fig. 3a—f).

We next examined if flora-deficient mice were able to
recruit neutrophils when treated with MIP-2, a chemotac-
tic factor for neutrophils. We injected the mice intraperi-
toneally with purified recombinant MIP-2 protein. We
found that these mice were able to mount a neutrophil
response in the peritoneum as well as the SPF mice
(Fig. 3g). The response to MIP-2 in flora-deficient mice
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Figure 3. Neutrophils in flora-deficient mice are not defective in their expression of cell adhesion molecules and can extravasate in response to
an intraperitoneal challenge with macrophage inflammatory protein 2 (MIP-2). (a—c) % of neutrophils in blood from zymosan-stimulated, spe-
cific pathogen-free (SPF) or flora-deficient C57BL/6 mice expressing (a) CXCR2, (b) CD44, (c) CD62 ligand. (d, e) Mean fluorescence intensity
(MFI) of neutrophils in blood from zymosan-stimulated SPF or flora-deficient C57BL/6 mice for their expression of (d) CXCR2, (e) CD44, (f)
CD62L. (g) Total number of neutrophils in the peritoneum of SPF C57BL/6 and flora-deficient C57BL/6 mice after intraperitoneal challenge with
5 ng of recombinant murine MIP-2. All data are combined results of three or more experiments and represented as mean = SEM. n = Total
number of mice used per datum group. *P = 0-0143, ***P = 0-0002, Not significant (N.S.) versus SPF animals.
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was intact throughout the dose-response curve and even NOD2 signalling, were able to respond normally to
in limiting amounts. Our data show that normal neutro- zymosan (Fig. 4a). Similar results were obtained in mito-
phil migration to MIP-2 in flora-deficient mice is consis- chondrial antiviral signalling (MAVS) knockout mice,
tent with the observation that neutrophils from these which were defective in retinoic acid-inducible gene-I
mice had normal levels of CXCR2, as CXCR?2 is the phys- (RIG-I) and melanoma differentiation-associated gene 5
iological receptor for MIP-2. This indicated that mice (MDAS5) signalling. Also, normal neutrophil recruitment
lacking microbial flora do not have a generalized defect was observed in mice lacking Caspase 1, NOD-like recep-
in the endothelial vasculature and also that neutrophils tor family, pyrin domain containing 3 (NLRP3), or
from these mice are functionally capable of migrating Apoptosis-associated speck-like protein (ASC), which are
to the inflamed tissue upon receiving the appropriate defective in inflammasome activation (Fig. 4a). However,
signals. MyD88 knockout mice showed a markedly reduced

recruitment of neutrophils following zymosan stimulation
(Fig. 4b), similar to that observed in the flora-deficient
mice. Like the flora-deficient animals, MyD88 knockout
mice did not have a statistically significant reduction in

Intestinal flora mediate their effects on neutrophilic
inflammation through the MyD88-signalling pathway

We hypothesized that the microbiota mediates its effects the number of neutrophils in the blood under basal con-
on inflammatory responses by activating pattern recogni- ditions (see Supplementary material Fig. S4a). Further-
tion receptor-signalling pathways. To test this hypothesis, more, on challenge with zymosan, neutrophils in the
we analysed mice deficient in the known pattern recogni- bloodstream of Myd88 '~ mice outnumbered those in
tion receptor pathways and examined their ability to wild-type mice (see Supplementary material Fig. S4b),
mount a neutrophil response to an intraperitoneal zymo- mimicking the phenotype that was observed in mice lack-
san challenge. Receptor interacting protein-2 (RIP-2) ing microbial flora.
knockout mice, which are defective in nucleotide-binding, MyD88 is an adaptor protein for most Toll-like recep-
oligomerization domain-containing protein-1 (NODI1) or tors (TLR) and some cytokine receptors, most notably
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Figure 4. Zymosan-induced neutrophil recruitment requires MyD88 signalling and lipopolysaccharide (LPS) pre-treatment in flora-deficient mice
restores neutrophilic inflammation in a process dependent upon MyD88 signalling. (a,b) Total neutrophil numbers in the peritoneum of (a)
C57BL/6 (wild-type; WT), ASC™™, Caspase 17/, NLRP3™'~, RIP2™'~ and MAVS™~ mice and (b) C57BL/6 (WT), MyD88™'~, TLR2™'~ and
IL-IR™"~ mice. Mice were injected with 0-2 mg zymosan and lavaged after 4 hr. (c) Total neutrophil numbers after zymosan injection in the
peritoneum of specific pathogen-free (SPF) C57BL/6, flora-deficient C57BL/6 mice, and flora-deficient MyD88 ™ mice in the presence or absence
of LPS pre-stimulation. LPS from Escherichia coli was administered in the drinking water of mice at a concentration of 33 mg/l from 3 to
5 weeks of age. At 7 weeks of age, mice injected with 0-2 mg zymosan and lavaged after 4 hr. In one group, flora-deficient mice were pre-treated
with LPS in the drinking water but did not receive zymosan injection. Numbers of neutrophils were determined by multiplying total cell number
by percentage of Ly-6G" 7/4" cells. All data are combined results of two or more experiments and represented as mean + SEM. n = Total num-
ber of mice used per datum group. The PBS group in (a, b) represents WT mice challenged with PBS and lavaged after 4 hr. *P = 0-03,
***%P < 0-0001, Not significant (N.S.) versus WT animals.
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the IL-1 receptor (IL-1R). IL-1 is a pro-inflammatory
cytokine that plays a key role in recruiting neutrophils to
sites of inflammation in response to some inflammatory
stimuli. However, we had previously shown that the neu-
trophilic inflammatory response to zymosan does not
require the IL-1R and we confirmed again that this was
the case (Fig. 4b). TLR2 has been reported to be one of
the receptors for zymosan and it was possible that this
was why MyD88 was required for the inflammatory
response to this agent.”” However, we found that TLR2-
deficient mice had a normal zymosan-induced infiltration
of neutrophils in the peritoneum (Fig. 4b). This is not
surprising because the major receptor for zymosan is
thought to be Dectin-1, which does not signal though
MyD88.>® Therefore the requirement for Myd88 in the
response to zymosan was not as an adaptor protein for
TLR2 or IL-1R signalling.

LPS treatment working through MyD88 restores
zymosan-induced peritoneal recruitment of
neutrophils in flora-deficient mice

We hypothesized that microbial flora was functioning in
our system as a source of pathogen-associated molecular
patterns (PAMPs) that stimulated the TLR-MyD88 path-
way in ways that made the host responsive to the pro-
inflammatory stimuli. This argument was supported by
our observation that when mice were treated with antibi-
otics starting from birth for 45 days, they had lowered
neutrophil migration, but 6-week-old mice treated with
antibiotics for the same duration (45 days) did not show
a similar defect in neutrophil migration (data not
shown). This finding suggested that initial exposure to
microbes or microbial ligands might be sufficient to
prime neutrophil responses. To test this hypothesis, we
sought to determine if MyD88 activation by a purified
microbial ligand 1is sufficient to restore neutrophilic
inflammation to zymosan in flora-deficient mice. We
added pure LPS from E. coli into the drinking water of
mice from 3 to 5 weeks of age in addition to the antibi-
otic cocktail. We found that flora-deficient mice, which
received LPS for 2 weeks, were able to respond to zymo-
san as well as their SPF counterparts (Fig. 4c). On the
other hand, flora-deficient MyD88 knockout mice did not
show this restoration in inflammation on LPS administra-
tion (Fig. 4c). This shows that MyD88 is required for the
downstream signalling initiated by LPS, which enables
acute inflammation.

MyD88 is essential for pre-conditioning of the
inflammatory response before zymosan challenge

We next sought to determine whether MyD88 was needed
during the elicitation of the inflammatory response or
was needed earlier to somehow condition the innate
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immune response so as to be responsive to the pro-
inflammatory stimulus. We observed that intestinal flora
influences acute inflammation during the initial develop-
ment of the mouse immune system because adult 6-
week-old mice treated with antibiotics did not show a
defect in neutrophil migration (data not shown), unlike
animals treated with antibiotics right from birth. Hence,
we hypothesized that the expression of MyD88 in tissues
is essential during immune development for commensal
flora-induced priming but the presence of MyD88 is dis-
pensable during the actual inflammatory challenge. To
test this hypothesis, we used the MyD88 /*/~ ROSA26-
Cre/Esr™’~ (cKO) mice® to conditionally eliminate MyD88
just before challenge with zymosan. In these mice, one
allele of the gene had been deleted from the germline
while the other could be inducibly deleted globally by the
administration of tamoxifen. Mice were treated with
tamoxifen for three alternate days and challenged with
zymosan a week after the last tamoxifen injection. There-
fore, in these mice MyD88 was reduced at the time of
zymosan injection, but present during the maturation of
the immune system. Upon administration of tamoxifen,
MyD88 was deleted as assessed by quantitative PCR, as
described previously*> (see Supplementary material, Table
S1). The cKO mice treated with tamoxifen (1 week before
zymosan challenge) responded as well as untreated mice
to zymosan-induced peritonitis (Fig. 5a). These results
showed that the presence of MyD88 is not essential for
the signalling initiated by zymosan. While the deletion of
MyD88 was partial in these animals, they showed reduced
neutrophil recruitment to LPS, confirming the role of the
TLR4-MyD88 pathway in detecting LPS and also validat-
ing that the deletion was sufficient to impair responses
(Fig. 5b). In contrast, tamoxifen treatment of wild-type
mice did not impair responses (data not shown). On the
other hand, when cKO mice when treated with tamoxifen
from Day 0 of birth, these mice exhibited reduced neu-
trophil recruitment to zymosan as compared with
untreated mice (Fig. 5¢). These results supported our
hypothesis that for inflammatory ligands like zymosan,
MyD88 is required during the pre-challenge phase for
activation of immune cells but is dispensable during the
actual inflammatory challenge.

Discussion

One of the major findings of this study is that for neutro-
phil-mediated acute inflammation to several pro-inflam-
matory agents, the immune system needs to be previously
stimulated by intestinal flora in a MyD88-dependent fash-
ion. This stimulation enables the host to mount a neutro-
phil response to future inflammatory insults. We have
shown that germ-free and flora-deficient mice are defec-
tive in neutrophil migration to a number of different
microbial and sterile inflammatory ligands. This defect
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Figure 5. MyD88 is required during the conditioning of the immune system for a subsequent zymosan challenge rather than during the actual
zymosan challenge. (a,b) Total neutrophil numbers in the peritoneum of MyD88 ¥ Rosa26-Cre/ESR™~ (conditional knockout; cKO) which
have been treated with tamoxifen or corn oil (vehicle control) 1 week before challenge with (a) 0-2 mg zymosan and (b) 100 ng lipopolysaccha-
ride (LPS). (c) Total neutrophil numbers in the peritoneum of M)/D88_/ﬂ°x Rosa26-Cre/ESR™~ (cKO) which have been treated with tamoxifen
or corn oil (vehicle control) starting from birth and challenged with 0-2 mg zymosan at 7 weeks of age. Mice were lavaged at 4 hr after injection
with zymosan or LPS and the numbers of neutrophils in the peritoneum was quantified by flow cytometry. All data are combined results of two
experiments and represented as mean + SEM. n = Total number of mice used per datum group. The PBS group represents cKO mice treated
with tamoxifen and challenged with PBS and lavaged after 4 hr. *P = 0-04, **P = 0-004, Not significant (N.S.) versus cKO animals that were

treated with vehicle control and injected with zymosan or LPS.

can be corrected by supplementing the drinking water
with LPS, a TLR4-MyD88 agonist, before challenge with
the inflammatory agent. Furthermore, pre-treatment of
flora-deficient MyD88 knockout mice with LPS failed to
restore neutrophilic infiltration, showing that LPS specifi-
cally acts through MyD88 to prime the immune system.
Presumably other PAMPs that stimulate MyD88-TLRs
would have similar effects, although this has not yet been
tested. There is some evidence that PAMPs derived from
intestinal flora are present systemically in the mammalian
body under physiological conditions.””*® These ligands
presumably translocate into the circulation via the intesti-
nal epithelium. In a similar fashion, we hypothesize that
ligands derived from gut flora, such as LPS (TLR4-
MyD88), bacterial DNA (TLR9-MyD88), peptidoglycan
(TLR2-MyD88) as well as others, activate MyD88 signal-
ling that then enables systemic neutrophilic inflammatory
responses.

A previous report published by our laboratory had
shown that MyD88 knockout mice do not show a defect
in zymosan-induced neutrophil migration.”" The basis for
this discrepancy is unclear. It is possible that this differ-
ence was the result of the extent of backcrossing of the
MyD88-deficient mice; the mice in the present study were
fully backcrossed onto the B6 background whereas those
in the earlier study were not. Alternatively, it is possible
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that in the earlier study the mice had been exposed to
some microbial products that were able to condition the
animals for responses through a non-MyD88-dependent
pathway.

While there is a clear role for MyD88 in the ability of
conventional mice to mount neutrophilic inflammation
to zymosan, we found that several other innate immune
signalling pathways were not required for this response.
Although Clarke et al. have reported that commensal bac-
teria prime neutrophils via NOD1 signalling in ways that
enhance their phagocytic potential to various bacteria,'®
we found that RIP2 knockout mice did not show reduced
inflammation to zymosan. Since RIP2 is required for
NOD1/2 signalling, this finding argued against a role for
either NOD1 or NOD2 in mediating a gut flora-induced
effect in our system.’” Therefore, NOD1/2 signalling may
be important for phagocytosis but is not needed for neu-
trophilic inflammation to this agent. Similarly, we found
no contribution of the inflammasome components
(NLRP3/ASC/caspase 1) or the RNA-sensing RIG-I like
receptors in mediating zymosan-induced inflammation.
Hence, we show that intestinal flora affect the ability of
the immune system to mount neutrophilic inflammation
via the MyD88 pathway.

To examine when the MyD88 pathway was required,
we took advantage of the ROSA26-Cre system, in which
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the MyD88 gene could be temporally deleted by the
addition of tamoxifen. We showed that for zymosan-
induced peritonitis, the presence of MyD88 was not
required at the time of challenge. This eliminates the
possibility that zymosan needs to signal through MyD88
via TLR2 or IL-1R or any other MyD88-dependent
receptor. These data therefore, make a strong case for
the necessity of priming by intestinal flora-induced
MyD88 activation for zymosan-induced neutrophil
migration, before the actual zymosan challenge. Hence a
significant finding of this study is that although the
MyD88 pathway is essential for creating an innate
immune system that is poised to respond to inflamma-
tory agent, this pathway is not needed at the elicitation
phase of an inflammatory response (unless of course the
pro-inflammatory stimulus was using MyD88-dependent
receptors such as TLRs).

An implication of our study is that the set point of the
naive (i.e. never exposed to microbes) innate immune
system may be anti-inflammatory for many stimuli. How-
ever, in conventionally reared mice the immune system is
perturbed by exposure to microbial flora in ways that
alter the cytokines that are made. As part of this process
MyD88-dependent pattern recognition receptor signalling
by microbial flora appears to alter this set point in ways
that promote inflammatory responses.

In summary, we postulate that TLR ligands derived
from the intestinal flora constitutively enter the blood
and tissues. Here, they prime tissue-resident cells via
MyD88 signalling, so that they provide appropriate stim-
ulatory signals that condition the innate immune system
to be able to respond to future inflammatory insults in
ways that promote neutrophil migration into tissue sites.
This study provides insights on how intestinal flora
affects systemic immunity and specifically innate responses
against microbial and sterile agents.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Flora-deficient mice (antibiotic-treated
mice) are defective in neutrophil recruitment to inflam-
matory stimuli. (a, b) Total neutrophil numbers in the
peritoneum of specific pathogen-free (SPF) C57BL/6 and
flora-deficient C57BL/6 mice after intraperitoneal injec-
tion of 0-2 mg zymosan and lavaged after (a) 4 hr. (b)
16 hr after injection. Flora-deficient mice were given a
cocktail of antibiotics (ampicillin, neomycin, vancomycin
and metronidazole) from birth through to the day of
experimental use. All data are combined results of two or
more experiments and represented as mean = SEM. In
both panels PBS group represents SPF C57BL/6 mice
challenged with PBS and lavaged after 4 hr or 16 hr.
**P = 0-008 versus SPF animals.

Figure S2. Quantitative PCR to determine the effi-
ciency of antibiotic treatment. (a) The bacterial load in
the colonic contents of specific pathogen-free versus
flora-deficient mice was quantified by determining the
number of copies of bacterial 16S ribosomal RNA by
quantitative PCR.

Figure S3. Flora-deficient mice do not have a defect in
either the numbers of resident peritoneal macrophages or
their capacity to phagocytose zymosan. (a) Total number
of resident peritoneal macrophages in unstimulated spe-

492

cific pathogen-free (SPF) C57BL/6 and flora-deficient
C57BL/6 mice. Numbers of resident macrophages were
determined by multiplying total cell number by percent-
age of CD11b" F4/80" cells. (b) Efficiency of phagocytosis
of zymosan by resident peritoneal macrophages isolated
from unstimulated SPF C57BL/6 and flora-deficient
C57BL/6 mice. Peritoneal cells were incubated with FITC-
conjugated zymosan solution for 45 min at 37°C. The
reaction was terminated by transferring the plate to 4°C.
In the control group, cells were incubated with zymosan
at 0°C throughout the incubation. After washing
unbound zymosan, cells were scraped off the plate and
resuspended in trypan blue to quench cell surface-bound
zymosan. The efficiency of phagocytosis was termed as
‘phagocytosis index,” which was calculated as % of mac-
rophages that have taken up zymosan x mean fluores-
cence intensity (MFI) of macrophages. n = Total number
of mice used per datum group. All data are combined
results of two or more experiments and are represented
as mean £ SEM. Not significant (N.S.) versus SPF ani-
mals.

Figure S4. Neutrophil numbers in zymosan-injected
MyD887/ ~ or control mice. (a, b) Total number of neu-
trophils in 1 ml blood (a) in unstimulated wild-type
(WT) and MyD887/ ~ mice and (b) in mice after 4 hr of
zymosan challenge. All data are combined results of two
or more experiments and are represented as
mean + SEM. n = total number of mice used per datum
group. Not significant (N.S.) versus SPF animals.

Table S1. Quantitative PCR to determine the amount
of residual floxed MyD88 after treatment with tamoxifen.
DNA was isolated from cells obtained from the blood
and peritoneum after zymosan challenge. AACt is the dif-
ference of the normalized threshold-cycle number (Ct)
between cell sample obtained from tamoxifen-treated
Myd88"°~ Rosa26-Cre/ESR™~ mice and that of corn
oil-treated (vehicle control) Myd88ﬂ°"/ ~ Rosa26-Cre/
ESR*'™ mice. The amount of flox allele of each sample
was normalized to f-actin. Residual MyD88™ allele
was quantified as 272", % of deletion was calculated as
(1-2724CY % 100.
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