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Abstract

To assess themicrobial influence on postnatal hematopoiesis, we examined the role

of early life microbial colonization on the composition of leukocyte subsets in the

neonatal spleen. A high number of CD11bþGr-1þ splenocytes present perinatally

was sustained for a longer period in conventionally colonized (CONV) mice than

inmono-colonized (MC) and germfree (GF)mice, and the CD4þT cell population

established faster in CONV mice. At the day of birth, compared to GF mice, the

expression of Cxcl2 was up-regulated and Arg1 down-regulated in livers of CONV

mice. This coincided with lower abundance of polylobed cells in the liver of CONV

mice. An earlier peak in the expression of the genes Tjp1, Cdh1, and JamA in

intestinal epithelial cells of CONV mice indicated an accelerated closure of the

epithelial barrier. In conclusion, we have identified an important microbiota-

dependent neonatal hematopoietic event, which we suggest impacts the subsequent

development of the T cell population in the murine spleen.

Introduction

During the past decades, the prevalence of allergies and

autoimmune diseases has increased dramatically in the

western world [1], and it is generally accepted that the

microbial environment is a key player in the development of

these disorders [2, 3]. It is, however, still not clear how and

when the intestinal microbiota influences the development

of an immune system that is more prone to developing

immune-related diseases as opposed to development of a

healthy immune system.

In 2008, ameta-study concluded that delivery by caesarian

section significantly increases the risk of developing

childhood-onset type 1 diabetes [4], and a large long-term

birth-cohort study of early life intestinal microbiota

associates reduced fecal microbial diversity in early life

with increased risk of later development of allergic

diseases [5]. Recently, also maternal antibiotics use during

pregnancy has been linked to an increased risk of early

childhood asthma [6]. Altogether, these studies indicate that

the microbiota in early life influences disease development.

This is supported by several studies describing mode of
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delivery and neonatal feeding as highly influential on gut

microbiota composition in early life as well as on permanent

changes of the microbial community in the gastrointestinal

(GI) tract [7, 8]. Hence, events during perinatal life, affecting

the first microbes that inhabit the epithelium at mucosal

sites, may be determining for the ‘‘set-point’’ of the immune

system.

Several studies have suggested a higher intestinal

permeability in neonates than in adults. Intestinal integrity

establishes rapidly and concomitantly to introduction of oral

feeding in early life but can be influenced by infant feeding

(breastfeeding vs. formula) and time of birth (preterm vs.

term) [9, 10]. Recently, microbial products were shown to

translocate from mucosal surfaces to central lymphoid

organs and specifically enhance systemic innate immune

responses in mice [11, 12]. Though it remains speculative,

the neonate intestine, due to its lowered integrity, could be

particularly susceptible to translocation of commensal

bacteria or microbial products across the intestinal barrier,

which successively may influence the induction of mucosal

and systemic tolerance in neonates.

We have recently reported that colonization with a

complex microbiota, but not with a single bacterial strain,

affected the adaptive immune development in neonatal

mice, and that this response was accompanied by reduced

proinflammatory cytokine gene expression in the intestine of

conventionally colonized (CONV) animals [13]. A diverse

microbiota has been shown to be indispensable for the

adaptive immune system, as colonization with a conven-

tional microbiota but not mono-colonization with Escher-

ichia coli or lactobacilli supports development of oral

tolerance in mice [14]. Additionally, germfree (GF) mice

have been shown to have fewer Tregs in lymphoid organs

than CONVmice, and the regulating effect of the GF-derived

Tregs was furthermore shown in vitro to be impaired

compared to CONV Tregs [15]. Recently it was shown that

postnatal microbial colonization plays a prominent role in

the induction and establishment of a group of neutrophil-

like cells with B cell-helper function in the marginal zone of

the neonatal spleen, hereby promoting an antimicrobial

immunoglobulin defense by interacting with B cells [11].

Thus, by influencing Tregs in lymphoid organs and

production of immunoglobulins in spleens of newborns, it

seems that the commensal microbiota holds a key role in

priming and shaping of the early adaptive immune system.

The mechanism behind this influence of postnatal coloniza-

tion on the development of systemic immunity is, however,

largely unknown.

Integrin CD11b is expressed on several leukocytes,

including mature and differentiating monocytes and

granulocytes, and CD11bþ cells in neonatal mice is therefore

expected to constitute a heterogeneous group of cells. CD11b

is involved in inhibition of TLR signaling [16] and subsets of

neutrophils, characterized by high expression of CD11b and

Gr-1, have been shown to hold regulatory properties and be

involved in down-modulation of T cell responses [11, 17]

Thus, these cells might constitute a key regulator in

establishment of the adaptive immune system.

The bone marrow (BM), spleen, and liver cooperatively

contribute to the hematopoietic homeostasis in the neonatal

period. Perinatally, hematologic stem cells (HSCs) present in

the liver migrate to the BM where they remain throughout

life but a proportion of the hematopoietic liver cells migrate

to the spleen or, upon circulation, homes to the liver [18, 19].

LPS stimulation of splenocytes results in a fast and transient

up-regulation of the two chemokines; Cxcl1 (KC) and Cxcl2

(MIP-2) expression [20] and importantly, a transient

induction ofMIP-2 in vivo leads to not only fast recruitment

of polymorphonuclear leukocytes into the peripheral blood

but also rapid activation of HSCs and up-regulation of

CD11b on these cells [21].

The present study is based on the hypothesis that early

microbial colonization of the GI tract leads to influx of

microorganisms from the gut into circulation. We hypothe-

sized that this affects the subsequent composition of spleen

cells, and that this is of importance for establishing a well-

balanced immune system. We examined the development of

cell subsets in the spleens of pups born by GF dams,

Lactobacillus acidophilus NCFM mono-colonized (MC)

dams, and CONV dams, and found that the establishment of

the CD4þ T cell pool in the spleen was accelerated by

conventional microbiota. The largest difference between

CONV andGFmice was seen in the very first days after birth,

where the proportion of neutrophil-like cells positive for the

markers CD11bþ and Gr-1þ, naturally present as part of the
perinatal pool of myeloid progenitor cells in spleen and liver,

remained high during the first week in spleens of mice born

by CONV dams while dropping rapidly after birth in spleens

from GF mice. We suggest that the longer-lasting high

number of CD11bþGr-1þ cells is an important microbiota-

dependent postnatal hematopoietic event that influences the

subsequent development of adaptive immunity.

Results

The microbiota affects the cell composition in
spleen

To assess the influence of the microbiota on the cellular

composition in the developing spleen, we measured the

proportion of various leukocyte subsets in spleens of mice

aged 4, 7, and 35 days born by CONV dams, GF dams, and

MC dams, respectively (Fig. 1A–C). In the period of 7–35

days after birth, the proportion of CD3þCD4þ T cells in

spleens of all colonization groups increased from approxi-

mately 2% at postnatal day 7 (PND7) to 16–25% of the total
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splenocytes on PND35 (Fig. 1A). While no differences were

seen at PND35 for the number of CD3þCD8þ cells in the

three groups (Fig. 1B), the number of CD3þCD4þ cells was

significantly higher in the CONV group (25.7%) as

compared to the MC group (16.3%) and the GF group

(19.0%) (Fig. 1A). At later time points, this difference

diminished, and no differences were seen between the

CONV and GF T cell levels in adult mice (results not shown).

There were no significant differences at any timepoint

between the three colonization groups for CD19þ, CD49bþ,
or CD11cþ spleen cells (results not shown).

Remarkably, a large proportion of CD11bþ cells (25.4% of

all viable splenocytes) characterized spleens from PND4

CONV mice, while the CD11bþ cells only constituted mean

levels of 3.1 and 4.6% in GF and MC PND4 mice,

respectively (Fig. 1C). The high proportion of CD11bþ cells

at PND4 diminished to 10.3% of total spleen cells at Day 7 in

CONV pups, but CONV spleens still held significantly

higher levels of CD11bþ cells than attained in MC pups. The

total numbers of viable cells were significantly lower in GF

compared to the CONV and MC groups at PND35. No

differences were seen between CONV and MC at PND35

(Fig. 1D).

The striking lack of effect of mono-colonization on the

cellular development of the neonatal spleen prompted us to

investigate, whether there is a need for polymicrobial

stimulation to regulate the expression of chemokines

involved in recruitment of CD11bþ cells to the perinatal

spleen. Consequently, we isolated spleen cells from CONV

PND4 mice and cultured with L. acidophilus, E. coli, or a

mixture containing half the concentration of each bacteri-

um, to identify their ability to produce MIP-2 upon this

Figure 1. The establishment of the CD3þCD4þ population is accelerated by themicrobiota and is preceded by dominance of CD11bþ cells in the spleen
of newborn CONVmice. (A) Time-dependent development of spleen cell populations at PND4, PND7, and PND35 in GF, MC, and CONVmice, analyzed
by flow cytometry formarkers (A) CD3 andCD4, (B) CD3 and CD8, and (C) CD11b. Data are expressed as percentages of total viable cells and analyzed by
two-way Anova with Bonferroni post test, ***p< 0.001, *p< 0.05, mean� SD, each point on graphs represents 3–7 individual animals per group per
timepoint. (D) Time course of the absolute number of viable cells in spleens of CONV, GF, and MC mice, n¼ 2–5 animals for each data point. Data are
analyzed by two-way Anova with Bonferroni post test, *p< 0.05, mean� SD. (E) Release of MIP-2 from splenocytes isolated from CONVmice on PND4
and cultured with L. acidophilus NCFM, E. coli Nissle 1917, or a mixture of both bacteria, n¼ 2 animals, mean� SD.
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stimulation. The splenocytes releasedmarkedlymoreMIP-2,

when stimulated with E. coli and L. acidophilus in

combination compared to stimulation with either of the

bacteria in a monoculture (Fig. 1E), supporting a require-

ment for polymicrobial stimulation for recruitment of

CD11bþ cells to the spleen.

Thus, the microbiota influenced the composition of the

spleen both in the very early postnatal period, prolonging

the presence of a large group of CD11bþ cells and

significantly increasing the levels of CD4þ T cells during

the later postnatal development of the CONV spleen. The

nature and complexity of the microbiota furthermore

strongly influenced the ability of spleen cells to produce

MIP-2 important for recruitment and differentiation of

CD11bþ cells.

The high proportion of CD11bþGr-1þ cells in the
neonatal murine spleen is maintained by the
presence of microbiota

Splenocytes from newborn mice were stained with anti-

CD11b and anti-Gr-1 to investigate subsets of neutrophils,

and F4/80 was included as macrophage marker. The

CD11bþGr-1þ group represented by far the majority of

the CD11bþ cells described in fetal and neonate spleens

(Fig. 2A) and was negative for the macrophage marker F4/80

throughout the experiment (data not shown). The

CD11bþGr-1þ cells were present in CONV as well as in

GF spleens at Day 19 of gestation (PND-1) in comparable

amounts (25–30%) and at the day of birth (PND1) the

amount raised to as much as 46–47% of total viable spleen

cells in both groups (Fig. 2B). As expected from the previous

result for marker CD11b (Fig. 1A), the presence of microbial

colonization strongly influenced the ability to maintain the

large group of CD11bþGr-1þ cells in the neonatal spleen

after the day of birth. As early as PND2, the level of

CD11bþGr-1þ cells in GF mice decreased to 15% while the

level in the CONV spleens only decreased to 34% on PND2.

This difference between the groups wasmaintained in 4-day-

old mice, as 24.5% of the cells of CONV spleens were

CD11bþGr-1þ cells compared to 3.1% of the cells in GF

spleens (Fig. 2A, B). Importantly, we did not at any time

point observe differences in the total number of cells in the

spleens, which increased from below 106 cells at PND2 to

around 107 at PND21 in both GF and colonized pups

(Fig. 2C).

Of note, splenocytes of neonate CONV and GF animals

comprised at least three distinctly labeled subpopulations

with regard to forward and side scatter (FSC and SSC) and

surface markers CD11b and Gr-1 (Supporting Information).

Already at PND-1, the CD11bþGr-1þ splenocytic subgroups

differed between GF and CONV mice, as the single

dominating subpopulation in GF mice changed from

FSChigh to FSClow from PND-1 to PND1, while cells of

CONV mice sustained both subgroups of CD11bþGr-1þ

splenocytes, suggesting an influence of microbial coloniza-

tion on immune development already during gestation.

H&E staining of splenic tissues from PND2, 4, and 7 CONV

mice (Fig. 3) showed decreasing numbers of cells with

polylobed or ringed nuclei in CONV mice from Day 2

(71.0� 25.5) to Day 4 (19.9� 3.5) and Day 7 (4.1� 1.5)

after birth; a morphology similar to mature and maturing

neutrophils [20, 22]. This demonstrate that over the

course of the first 7 days after birth, the cells with

polylobed and ringed nuclei were less abundant in the

spleen tissues at PND 7 compared to Days 2 (p¼ 0.0004) and

4 (p< 0.0001).

Taken together, the CD11bþ cells exhibited a phenotype

of granulocytes, either conventional neutrophils or imma-

ture granulocytes, and constituted a significantly higher

proportion of the spleen of CONV neonatal 2 to 4-day-old

mice compared to older mice and to GF mice of the same

age.

Expression of Cxcl2 is up-regulated in the liver of
colonized neonatal mice

To address whether chemokine expression in the liver is

altered in GF compared to CONV mice immediately after

birth, we measured the expression of Cxcl1 and Cxcl2 in GF

and CONV livers at PND1-2. As depicted in Figure 4, the

expression of Cxcl2 was significantly higher for pups of

CONV dams than of GF dams on PND1. At PND2, no

difference was seen. Expression of the Cxcl1 in livers of GF

and CONV neonate mice did not reveal any difference. GM-

CSF and G-CSF likewise stimulate migration of neutrophils

as well as the up-regulation of CD11b [21]. There was no

measurable gene expression for these cytokines in the liver

(data not shown).

H&E stains of neonatal CONV and GF liver tissues

(Fig. 5A, B) revealed that livers of CONV PND2 contained

‘‘clusters’’ of hematopoietic tissue at PND2, which decreased

over PND4 and 7 (Fig. 5A, CONV2), and only low numbers

of granulocytes of mature or immature granulocytic

morphology were present in CONV liver tissues at PND2

(6.9� 3.5), 4 (17.0� 10.6), and 7 (24.9� 10.4) (Fig. 5A). A

number of granulocytes with polylobed and ring-shaped

nuclei tended to accumulate in vascular areas at PND7 in

CONV liver tissues (Fig. 5A, right). In the GF livers, the

hematopoietic tissue was markedly more distinct and

abundant on PND2 compared to livers of CONV mice.

Along with this, the GF liver tissue was richer in granulo-

cytes with polylobed and ring-shaped nuclei at PND2

(52.0� 20.8) and PND4 (42.8� 17.7) compared to the

CONV liver tissue of same age: PND2 (p¼ 0.0014) and

PND4 (p¼ 0.0232). Most importantly, granulocytic cells

Neonatal microbial colonization in mice M. B. Kristensen et al.

312 © 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



Figure 2. Microbial colonization prolongs the predominance of CD11bþGr-1þ cells in the neonate spleen ofmice during the first week of life. (A) CONV
and GF splenocytes stained for surface markers CD11b and Gr-1 on PND2, 4, and 7. Plots represent cellular percentages of all viable cells (B) Time course
for CD11bþGr-1þ splenocytes in CONV and GFmice PND1 to PND14, data are analyzed with two-way Anova and Bonferroni post test, n¼ 3–5 animals,
***p< 0.001, mean� SD. (C) Level of CD11bþGr-1þ cells in spleens of fetal CONV and GF mice (PND-1). Columns present mean of two individual
experiments in each group, each contains pooled spleens from 12 pups, mean� SD. (D) Time course of the absolute number of viable cells in spleens of
CONV and GF mice aged PND1 to PND21, n¼ 2–5 animals for each data point, mean� SD.
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were abundant around the portal veins in the GF livers on

PND2 and PND4 (Fig. 5B). At PND7, the granulocytic cells

were less abundant in the tissues and now lining the vessels of

GF livers, but with similar numbers (47� 15.3) as for GF

PND2 and PND4.

Cells of the CD11bþGr-1þ phenotype as well as HSCs are

known to express arginase-1 (Arg1) [11, 23], and we

consequently measured the expression of Arg1 in livers of

PND1 CONV and GF mice to support the observed

differences in granulocyte and hematopoietic cellular

content of the neonate livers. Interestingly, expression of

Arg1 was down-regulated in CONVmice as compared to GF

mice (Fig. 6) indicative of a rapid drop in granulocytic cells

and HSCs in the CONV neonate liver on PND1.

In summary, a significantly higher transcriptional level of

Cxcl2 in PND1 livers of CONV compared to GF mice

indicated systemic influence of microbiota on the mobiliza-

tion and activation of polymorphonuclear leukocytes at the

day of birth. Histology of CONV and GF livers revealed

distinctly more hematopoietic tissue in GF livers than

in CONV livers on PND2, concomitantly with an

accumulation of cells with polylobed and ring-shaped nuclei

in the tissue and surrounding the blood vessels of PND2 and

PND4 GF liver tissues. Opposite this, very few cells with

similar morphology were observed in CONV liver tissues at

PND2 and PND4.

The microbiota influences the regulation of
intestinal tight junction genes in the neonatal
mouse

To investigate the possible role of the microbiota on

expression of genes involved in intestinal permeability, we

measured the expression of the tight junction genes; Tight

junction protein 1 (Tjp1 or Zo-1), E-cadherin (Cdh1), and

Junctional adhesion molecule A (JamA) in the distal ileal

tissues of differently colonized mouse pups. The expression

levels and the proteins encoded by these genes have

Figure 4. Microbial colonization is associated with a higher Cxcl2 expression in the liver at PND1. Expression of Cxcl1 and Cxcl2 in livers of CONV and GF
PND1 and PND2 mice determined by qPCR, n¼ 5–10 mice per group/day, significant difference is between the expression in GF and CONV livers of the
same age, data are analyzed with one-way Anova and Bonferroni post test, **p< 0.01.

Figure 3. The number of granulocytes in the neonatal spleen is gradually reduced during the first 7 days of life. H&E stained tissue sections of CONV
spleens. Arrows indicate polylobed or ring-shaped nuclei representative of mature or maturing granulocytes in the spleen tissue. Magnification, �40.
Data are representative for two independent experiments with 2–3 samples per group.
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Figure 5. Microbial colonization leads to reduced level of neutrophil-like cells in livers of 2 to 4-day-old mice. H&E staining of neonatal liver tissue
sections fromCONV (A) andGF (B)mice at PND2, 4, and 7. Neutrophil-like cells accumulate around blood vessels at PND2 and 4 in liver tissues of GFmice,
while these cells are largely absent from CONV liver tissues at the same age. Inserts depict cellular content around portal vein areas of liver tissues. From
two independent experiments with 2–3 samples per group, four to five livers of each day and colonization were dissected and stained. The presented
images are representative of all stains of the particular day and colonization, 10� and 40� magnification.
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previously been demonstrated to reflect the integrity of the

intestinal barrier [24–26].

As shown for the expression of Tjp1, JamA, and Cdh1

(Fig. 7), a higher relative expression of the genes in the

ileum of CONV animals at PND1 as compared to the

ileum of GF mice could be demonstrated. Moreover,

the expression of all genes decreased from PND1 to PND6

in CONV intestinal tissue, while the expression increased

from PND1 to 6 in the GF mice pups. In L. acidophilusMC

ileal tissues, all three genes were on PND1 measured to a

transcriptional level in between the higher expression levels

in CONV neonate intestine and lower levels of the GF

intestinal tissue and did not change over time (data not

shown).

Taken together, these data suggest a difference in the

regulation and maturation between the colonized and non-

colonized intestine, and hence that the postnatal microbiota

influences the kinetics of the maturation of the intestinal

barrier.

Discussion

A key role of the microbiota for proper development of a

well-balanced immune system is generally accepted, but an

understanding of how this development is supported by the

microbiota is lacking. Here, we focused on hematopoietic

events in the perinatal period and showed that very early

postnatal events in the hematopoietic system comprising the

liver, spleen, and BM are greatly influenced by the presence

of microorganisms, and that microbial colonization at birth

accelerates the establishment of the CD4þ T cell pool in the

spleen during the first weeks of life in mice.

We demonstrated that the spleen of newborn mice,

independently of the presence of microorganisms, contained

high numbers of CD11bþGr-1þ cells, which already at the

day after birth (PND2), dropped dramatically. The

CD11bþGr-1þ cells decreased to the level of adult mice at

PND4 in GFmice, while this number in pups of CONVmice

decreased at a much slower rate and did not reach the adult

level before 1–2 weeks of age. Whether the presence of these

cells in the spleen is due to differentiation of HSCs present in

the spleen at birth or reflects an influx of cells from other

organs cannot be finally concluded from the present study.

However, a previous study of the perinatal hematopoiesis in

mice concluded that a significant proportion of HSCs and

differentiating HSCs from liver migrate to the spleen [18].

That the cells derive from the liver, rather than from

proliferating HSCs in the spleen, is supported by our

microscopy data of the CONV spleen showing abundant

neutrophil-like cells with a polylobed or ring-shaped nucleus

but only sparse presence of hematopoietic tissue. Moreover,

in the livers from GF and CONV mice the hematopoietic

tissue was easily distinguished, but remarkably more

abundant and distinct in the neonate GF livers. The

neutrophil-like cells were frequently distributed in the tissue

Figure 6. Expression of Arg1, a marker for immature granulocytes, is
lower in PND1 livers of mice colonized with a conventional microbiota.
Expression determined by qPCR in livers of CONV and GF mice on PND1,
n¼ 7–9 mice per group, data are analyzed with Student's t-test
(unpaired, two-tailed), *p< 0.05.

Figure 7. Microbial colonization increases expression of the tight junction (TJ) genes Tjp1, Cdh1, and JamA in ileum on the day of birth (PND1). Tight
junction gene expression determined by qPCR in CONV, MC, and GF mouse pups on PND1 and PND6. n¼ 8 animals per group, data are analyzed with
one-way Anova and Bonferroni post test, *p< 0.05, ***p< 0.001.
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and in particular accumulated around the portal vein areas

in the GF livers, while in livers from CONV mice the

differentiating neutrophil-like cells were notably fewer

around the portal veins and almost absent in the tissue.

The absence of neutrophil-like cells may indicate a greater

early life efflux of the immature neutrophil-like cells from

the liver of newborn pups of CONVmice coinciding with an

increased influx of these cells to the spleen at PND2–4. The

significant reduction in the expression of Arg1 in the liver of

CONV mice at the day of birth further supports an efflux of

neutrophil-like cells as the expression of Arg1 has been

ascribed as unique for differentiating, yet immature myeloid

cells as well as neutrophils in early life [11, 17], and thus may

reflect the abundance of neutrophil-like cells at this time

point. Interestingly, in the spleen from fetuses taken from

both CONV and GF mice 1 day prior to delivery, the

proportions of CD11bþGr-1þ cells were comparable and

high (25–30%), confirming that during gestation this

myeloid progenitor cell subset is abundant in the spleen [27].

Due to the rapid differentiation and migration of a vast

number of hematopoietic cells, early life represents an

extremely complex and dynamic period, where many events

take place concomitantly. The diversity and dynamics of the

CD11bþGr-1þ cells present in the spleen during these days

reflect this very well and suggest that both influx and

differentiation, and perhaps also efflux of cells, take place in

the spleen. The CD11bþGr-1þ cells most likely comprised

different groups of differentiating cells of the myeloid

lineage [33]. Especially around birth (PND-1 to PND1) we

found dramatic changes in distribution. But while the cells of

GF mice became smaller in this period, cells of CONV mice

sustained CD11bþGr-1þ splenocytes of different sizes

during the first days of life. Noteworthy, the three groups

of CD11þGr-1þ cells distinguished by size were already

distinct in the fetal CONV spleen, suggesting an influence of

the microbiota already during gestation. Regardless of this,

the overall proportions of CD11bþGr-1þ cells were similar

and high (25–30%) in spleens from fetuses taken at the day

before expected delivery (PND-1) fromCONV andGFmice.

This confirms other studies [27] showing that HSCs

establish in liver as well as the spleen during gestation.

Importantly, this also indicates that an efflux of CD11bþGr-
1þ cells takes place in the liver at birth leading to a decrease in

the CD11bþGr-1þ population, which in the colonized mice

is counteracted by an influx of similar cells into the spleen,

most likely originating from the liver. Cxcl2 (MIP-2) may

hold dual roles; transient up-regulation leads to rapid up-

regulation of CD11b on HSC and initiates their differentia-

tion [21] and may furthermore recruit cells from one

compartment to another. In the present study, we found a

transient up-regulation of Cxcl2 expression at PND1 in the

liver, and both stromal cells, endothelial and the leukocyte

cells might be candidate producers of Cxcl2. Independently

of the source, the up-regulated expression of Cxcl2 could

very well be a key event in both differentiation and

recruitment of HSCs from the liver.

Our results thus clearly demonstrate that microbial

colonization impacts the perinatal hematopoiesis as well

as the early development of adaptive immunity. It is,

however, unclear how the colonizing microbes stimulate

hematopoiesis, that is, whether direct contact between HSCs

and microorganisms takes place and if, where the cells and

the microbes encounter. Regardless of the site of encounter,

the microbes must trespass the skin or epithelial barrier. The

presence of bacteria in the spleen of healthy mice was

recently reported by Puga and co-workers [11], hence

translocation of bacteria from the GI tract into the blood

circulation, and from here to the spleen, is plausible, in

particular in the early postnatal period where the GI

epithelium is immature. In this regard, we show that

intestinal expression of the three genes Tjp1, JamA, and

Cdh1 exhibited significantly different kinetics in the GF

neonate intestine compared to the CONV neonate intestine

from PND1 to 6, pointing to a microbiota-dependent

acceleration of the maturation. We speculate that the

microorganisms present in the gut after birth may control

the postnatal period in which uncontrolled microbial

translocation is possible, thus limiting bacterial influx to

the very first days of life. Of note, GI epithelium of the MC

mice exhibited expression kinetics of the tight junction

genes, which were only slightly advanced compared to that of

the GF mice. Thus, if this indicates a slower maturation and

closure, more bacteria but only of one particular strain

would translocate into circulation. Nevertheless, the pro-

portion of CD11bþ cells and CD4þ T cells in the MC spleen

at PND4, 7, and 35 was highly similar to the proportions in

spleens of GF mice. Hence, we suggest that a single strain of

bacteria is not enough to stimulate HSC differentiation into

CD11bþGr-1þ cells. This is supported by the far stronger

MIP-2 response observed from neonate spleen cells

stimulated with a mixture of Gram positive and Gram

negative bacteria compared to the response upon stimula-

tion with a single strain of bacteria. Notably, at PND35 but

not earlier, a significantly lower total number of leukocytes

was found in the GF spleens compared to spleens from MC

and CONV mice. Thus, the mono-colonization seems to be

sufficient to stimulate growth of the spleen to the same rate

as seen in conventional colonization, but not to accelerate

the number of CD4 cells beyond the GF level.

CD11bþGr-1þ cells comprise a heterogeneous group of

myeloid-derived cells, which includes differentiating (im-

mature) cells as well as mature neutrophils [16, 28, 29] and

share the lobed nuclei of mature neutrophils [30]. In mice,

immature CD11bþGr-1þ cells are often referred to as

myeloid-derived suppressor cells (MDSC) and represent a

subset of cells known to expand in blood and lymphoid
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organs during cancer, inflammatory conditions, and infec-

tion holding immunosuppressive properties [17, 20]. Based

on expression of CD11b, Gr-1 and scatter distribution, we

described a heterogeneous nature of these cells, comprising

at least three distinct subpopulations in fetal and neonatal

spleens, which differed between CONV and GF splenocytes,

indicating a microbial influence on immune cell develop-

ment already during gestation. With the well-established

importance of a microbiota for proper development of a

balanced immune system [3, 4] in mind, the observed

prolonged presence of a high proportion of CD11bþGr-1þ,
only in spleens of neonate mice born by dams with a diverse

microbiota, might suggest a key role for these cells in proper

development of the adaptive immunity. To establish this,

however, requires assessment of the subpopulations of CD4þ

lymphocytes around PND7 to PND35, a task which is

beyond the scope of the present study, where we aimed to

describe the very early microbiota-dependent postnatal

cellular events.

In conclusion, we have presented data showing that the

microbiota affects homeostatic events of importance for

maturation of the splenic CD4þ T cell pool, and that

CD11bþGr-1þ neutrophil-like cells are highly abundant in

the neonatal spleens of CONV mice but not in GF or MC

spleens. Even though we cannot from these data precisely

pinpoint the mechanisms by which the CD11bþGr-1þ cells

are increased in the spleens of pups from CONV dams, the

demonstration of the vast difference in the number of these

cells PND2–7 strongly supports the key role of the

microbiota from the very first period postpartum. We

have thus identified an important perinatal microbiota-

dependent event that may impact the subsequent population

and polarization of T cells in the neonatal spleen in mice.

Materials and Methods

Preparation of bacterial inoculum

L. acidophilus NCFM (Danisco, Copenhagen, Denmark)

aliquots were prepared by inoculation in de Man, Rogosa,

and Sharpe broth (MRS) (Merck, Darmstadt, Germany) for

anerobic growth overnight at 37 8C. The culture was

harvested by centrifugation, washed in sterile PBS (Lonza,

Basel, Schwitzerland), and diluted in PBS to 5� 108 CFU/ml.

Plate counts were performed on MRS agar. The culture was

frozen at �808C until use.

Animals and tissues

GF and CONV SwissWebster mice, purchased from Taconic

(Lille Skensved, Denmark), were bred and housed in sterile

isolators or under specific pathogen-free conditions,

respectively. GF mice were treated as previously

described [13]. Eight female and two male GF mice were

mono-colonized with L. acidophilus NCFM by applying

5� 108 CFU/ml in 0.5ml PBS suspension orally and 0.5ml

to the abdominal skin. To confirm sterility and mono-

colonization, respectively, fecal samples fromGF and NCFM

mice were cultured weekly on non-selective Luria-Bertani

medium, under aerobic and anerobic conditions. The day of

birth was identified as PND1, and four pups of each group

were euthanized at PND1, 2, 4, 7, 14, and 35 and spleens

dissected. Furthermore, spleens from two GF and two

CONV litters, taken by caesarian section at gestational

Day 19 (identified as PND-1) were dissected. Single cell

suspensions were prepared of all spleens. Additionally, at

PND2, 4, and 7, spleens and livers from GF and CONV pups

were formalin-fixed for preparation of tissue sections.

For gene expression analysis, liver and distal ileum from

eight CONV, eight MC, and eight GF pups, delivered by four

different dams of each group, were dissected and frozen in

RNAlater (Qiagen, Hilden, Germany). All animal experi-

ments were approved by the Danish Council for Animal

Experimentation.

Preparation of splenic single cell suspensions

Spleen cells were meshed through a filter, washed and

centrifuged in cooled RPMI 1640 with penicillin and

streptomycin (Lonza). Five minutes lysing of erythrocytes

by suspension in 0.83% ice-cold ammonium–chloride

preceded a final washing step and resuspension in RPMI.

Viable cells were measured by Nucleocounter
1

NC-100TM

(Chemometec, Aller½d, Denmark).

Immunostaining and flow cytometry

Spleen cell surface antigens were analyzed by use of

antibodies: Anti-CD3-PE clone 145-2C11, anti-CD4-APC

clone RM 4-5, anti-CD8-APC clone 53-6.7, anti-CD11b-

PECy7 clone M1/70, anti-Ly6G(Gr-1)-APC clone RB6-8C5,

and anti-F4/80-FITC clone BM8 (all eBioscience, San Diego,

CA) after blocking of FC antibody-binding by anti-CD16/

CD32 (BD Biosciences, Franklin Lakes, NJ) for 10min. Cells

were fixed in PBS with 2% methanol-free formaldehyde and

analyzed within 1–3 days on a FACScanto flow cytometer

(BD Biosciences). Data analyses and layouts were performed

using FlowJo V10 (Tree Star, Ashland, OR).

RNA-isolation and real-time quantitative PCR
(qPCR)

Ilea and livers kept in RNAlater were removed from storing

solution and homogenized in RLT buffer from Qiagen

(Hilden, Germany). RNA extraction, quantification, quality

evaluation, reverse transcription, primer testing and
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validation, and data analysis were carried out as previously

described [31]. Cxcl1, Cxcl2, and Arg1 were analyzed with

TaqMan
1

gene expression assays; Mn00433859_m1

(Cxcl1), Mn00436450_m1(Cxcl2), Mn00475988_m1

(Arg1), and Mn006007939_s1(Actb) (Life Technologies,

Carlsbad, CA). The following primers were used for

analyses of tight junction genes; Cdh1-forward GTATCG-

GATTTGGAGGGACA, Cdh1-reverse CAGGACCAGGA-

GAAGAGTGC, JamA-forward GTTCCCATTGGAGT-

TGCTGT, JamA-reverse GGGAGAGGAGAAGCCAGAGT,

Tjp1-forward GGTGACATTCAAGAAGGGGA (designed

with NCBI PrimerBlast), Tjp1-reverse TCTCTTTCCG-

AGGCATTAGCA [32], Actb-forward GTCCACCTTC-

CAGCAGATGT, and Actb-reverse GAAAGGGTGTAA-

AACGCAGC [31].

Ex vivo stimulation of spleen cells

Production of MIP-2 was measured upon addition of E. coli

Nissle 1917 (MOI 4), L. acidophilus NCFM (MOI 1.5), or

half the amount of each bacteria in a mixture to 5� 105

spleen cells in 0.1ml RPMI. Supernatants were harvested

after 20 h (37 8C) and concentrations estimated using a

commercial MIP-2 ELISA kit (R&D systems, Minneapolis,

MN).

H&E staining

Spleens and livers were fixed in 4% buffered formalin,

embedded in paraffin, and sliced into 5mm sections. The

tissues were mounted on SuperFrost Plus slides (Menzel-

glaser, Braunschweig, Germany) and stained by H&E for

evaluation of cellular composition. For quantification of

granulocytic cells with polyloped or ringed nuclei in each

animal, five random fields of view at 63� magnification for

each sample were counted blinded and independently by two

trained persons. Samples were analyzed by Student’s t-test

(unpaired, two-tailed) for statistically differences between

age and/or treatment.

Statistics

Statistics were performed with GraphPad PrismTMV5.03

(GraphPad Software, Inc., La Jolla, CA).

Acknowledgments

We thank AnniMehlsen andMarianne Petersen for excellent

technical assistance, Anne Ørngreen, Louise Zeuthen, Maja

Danielsen, and Heidi Letting for valuable help concerning

animal experiments, and Fredrik B€ackhed and Anna Hallen,

University of Gothenburg, for valuable help with the GF

mice.

Conflicts of Interest

None declared.

References

1. Okada, H., C. Kuhn, H. Feillet, and J. F. Bach. 2010. The

‘hygiene hypothesis’ for autoimmune and allergic diseases: an

update. Clin. Exp. Immunol. 160:1–9.

2. Atkinson, M. A., and A. Chervonsky. 2012. Does the gut

microbiota have a role in type 1 diabetes? Early evidence from

humans and animal models of the disease. Diabetologia

55:2868–2877.

3. Renz, H., P. Brandtzaeg, and M. Hornef. 2011. The impact of

perinatal immune development on mucosal homeostasis and

chronic inflammation. Nat. Rev. Immunol. 12:9–23.

4. Cardwell, C. R., L. C. Stene, G. Joner, O. Cinek, J. Svensson,

M. J. Goldacre, R. C. Parslow, P. Pozzili, G. Brigis, D.

Stoyanov, et al. 2008. Caesarean section is associated with an

increased risk of childhood-onset type 1 diabetes mellitus: a

meta-analysis of observational studies. Diabetologia 51:726–

735.

5. Bisgaard, H., N. Li, K. Bonnelykke, B. L. Chawes, T. Skov, G.

Paludan-Muller, J. Stokholm, B. Smith, and K. A. Krogfelt.

2011. Reduced diversity of the intestinal microbiota during

infancy is associated with increased risk of allergic disease at

school age. J. Allergy Clin. Immunol. 128:646–652. e1–5.

6. Stensballe, L. G., J. Simonsen, S. M. Jensen, K. Bonnelykke,

and H. Bisgaard. 2012. Use of antibiotics during pregnancy

increases the risk of asthma in early childhood. J. Pediatr.

162:832–838.

7. Gronlund, M. M., O. P. Lehtonen, E. Eerola, and P. Kero.

1999. Fecal microflora in healthy infants born by different

methods of delivery: permanent changes in intestinal flora

after cesarean delivery. J. Pediatr. Gastroenterol. Nutr. 28:

19–25.

8. Biasucci, G., M. Rubini, S. Riboni, L. Morelli, E. Bessi, and C.

Retetangos. 2010. Mode of delivery affects the bacterial

community in the newborn gut. Early Hum. Dev. 86(Suppl.

1):13–15.

9. van Elburg, R. M., W. P. Fetter, C. M. Bunkers, and H. S.

Heymans. 2003. Intestinal permeability in relation to birth

weight and gestational and postnatal age. Arch. Dis. Child.

Fetal Neonatal Ed. 88:F52–F55.

10. Weaver, L. T., M. F. Laker, R. Nelson, and A. Lucas. 1987.

Milk feeding and changes in intestinal permeability and

morphology in the newborn. J. Pediatr. Gastroenterol. Nutr.

6:351–358.

11. Puga, I., M. Cols, C. M. Barra, B. He, L. Cassis, M. Gentile, L.

Comerma, A. Chorny, M. Shan, W. Xu, et al. 2011. B cell-

helper neutrophils stimulate the diversification and produc-

tion of immunoglobulin in the marginal zone of the spleen.

Nat. Immunol. 13:170–180.

M. B. Kristensen et al. Neonatal microbial colonization in mice

© 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd. 319



12. Clarke, T. B., K. M. Davis, E. S. Lysenko, A. Y. Zhou, Y. Yu,

and J. N. Weiser. 2010. Recognition of peptidoglycan from

the microbiota by Nod1 enhances systemic innate immunity.

Nat. Med. 16:228–231.

13. Fink, L. N., S. B. Metzdorff, L. H. Zeuthen, C. Nellemann,

M. B. Kristensen, T. R. Licht, and H. Frokiaer. 2012.

Establishment of tolerance to commensal bacteria requires a

complex microbiota and is accompanied by decreased

intestinal chemokine expression. Am. J. Physiol. Gastrointest.

Liver Physiol. 302:G55–G65.

14. Rask, C., S. Evertsson, E. Telemo, and A. E. Wold. 2005. A full

flora, but not monocolonization by escherichia coli or

lactobacilli, supports tolerogenic processing of a fed antigen.

Scand. J. Immunol. 61:529–535.

15. Ostman, S., C. Rask, A. E. Wold, S. Hultkrantz, and E.

Telemo. 2006. Impaired regulatory T cell function in germ-

free mice. Eur. J. Immunol. 36:2336–2346.

16. Han, C., J. Jin, S. Xu, H. Liu, N. Li, and X. Cao. 2010. Integrin

CD11b negatively regulates TLR-triggered inflammatory

responses by activating syk and promoting degradation of

MyD88 and TRIF via cbl-b. Nat. Immunol. 11:734–742.

17. Gabrilovich, D. I., and S. Nagaraj. 2009. Myeloid-derived

suppressor cells as regulators of the immune system. Nat. Rev.

Immunol. 9:162–174.

18. Wolber, F. M., E. Leonard, S. Michael, C. M. Orschell-

Traycoff, M. C. Yoder, and E. F. Srour. 2002. Roles of spleen

and liver in development of the murine hematopoietic

system. Exp. Hematol. 30:1010–1019.

19. Clapp, D. W., B. Freie, W. H. Lee, and Y. Y. Zhang. 1995.

Molecular evidence that in situ-transduced fetal liver

hematopoietic stem/progenitor cells give rise to medullary

hematopoiesis in adult rats. Blood 86:2113–2122.

20. Delano, M. J., P. O. Scumpia, J. S. Weinstein, D. Coco, S.

Nagaraj, K. M. Kelly-Scumpia, K. A. O’Malley, J. L. Wynn, S.

Antonenko, S. Z. Al-Quran. 2007. MyD88-dependent

expansion of an immature GR-1(þ)CD11b(þ) population

induces T cell suppression and Th2 polarization in sepsis.

J. Exp. Med. 204:1463–1474.

21. Pelus, L. M., and S. Fukuda. 2006. Peripheral blood stem cell

mobilization: the CXCR2 ligand GRObeta rapidly mobilizes

hematopoietic stem cells with enhanced engraftment proper-

ties. Exp. Hematol. 34:1010–1020.

22. Ribechini, E., V. Greifenberg, S. Sandwick, and M. B. Lutz.

2010. Subsets, expansion and activation of myeloid-

derived suppressor cells. Med. Microbiol. Immunol.

199:273–281.

23. Munder, M. 2009. Arginase: an emerging key player in the

mammalian immune system. Br. J. Pharmacol. 158:638–

651.

24. Hsiao, E. Y., S. W. McBride, S. Hsien, G. Sharon, E. R. Hyde,

T. McCue, J. A. Codelli, J. Chow, S. E. Reisman, J. F.

Petrosino. 2013. Microbiota modulate behavioral and

physiological abnormalities associated with neurodevelop-

mental disorders. Cell 155:1451–1463.

25. Muise, A. M., T. D. Walters, W. K. Glowacka, A. M. Griffiths,

B. Y. Ngan, H. Lan, W. Xu, M. Silverberg, and D. Rotin. 2009.

Polymorphisms in E-cadherin (CDH1) result in a mis-

localised cytoplasmic protein that is associated with crohn’s

disease. Gut 58:1121–1127.

26. Laukoetter, M. G., P. Nava, W. Y. Lee, E. A. Severson, C. T.

Capaldo, B. A. Babbin, I. R. Williams, M. Koval, E. Peatman,

J. A. Cambell, et al. 2007. JAM-A regulates permeability and

inflammation in the intestine in vivo. J. Exp. Med. 204:3067–

3076.

27. Tada, T., D. T.Widayati, and K. Fukuta. 2006. Morphological

study of the transition of haematopoietic sites in the

developing mouse during the peri-natal period. Anat. Histol.

Embryol. 35:235–240.

28. Youn, J. I., M. Collazo, I. N. Shalova, S. K. Biswas, and D. I.

Gabrilovich. 2012. Characterization of the nature of

granulocytic myeloid-derived suppressor cells in tumor-

bearing mice. J. Leukoc. Biol. 91:167–181.

29. Greifenberg, V., E. Ribechini, S. Rossner, and M. B. Lutz.

2009. Myeloid-derived suppressor cell activation by com-

bined LPS and IFN-gamma treatment impairs DC develop-

ment. Eur. J. Immunol. 39:2865–2876.

30. Kesteman, N., G. Vansanten, B. Pajak, S. M. Goyert, and M.

Moser. 2008. Injection of lipopolysaccharide induces the

migration of splenic neutrophils to the T cell area of the white

pulp: role of CD14 and CXC chemokines. J. Leukoc. Biol.

83:640–647.

31. Bergstrom, A., M. B. Kristensen, M. I. Bahl, S. B. Metzdorff,

L. N. Fink, H. Frokiaer, and T. R. Licht. 2012. Nature of

bacterial colonization influences transcription ofmucin genes

in mice during the first week of life. BMC Res. Notes 5:402–

0500–5–402.

32. Inagaki-Ohara, K., A. Sawaguchi, T. Suganuma, G. Matsu-

zaki, and Y. Nawa. 2005. Intraepithelial lymphocytes express

junctional molecules in murine small intestine. Biochem.

Biophys. Res. Commun. 331:977–983.

33. Fischer, M. A., M. L. Davies, I. E. Reider, E. L. Heipertz, M. R.

Epler, J. J. Sei, M. A. Ingersoll, et al. 2011. CD11b(þ),

Ly6G(þ) cells produce type I interferon and exhibit tissue

protective properties following peripheral virus infection.

PLoS Pathog. 7:e1002374.

SUPPORTING INFORMATION
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Figure S1: Perinatal CD11bþGr-1þ spleen cells comprise

three distinct subpopulations differing in size and brightness

of markers CD11b and Gr-1.
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