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Gut microbes extend reach to systemic innate immunity
Dana J Philpott & Stephen E Girardin

Microbes in the gut can influence distant events, affecting the function of neutrophils in the circulation of mice 
(pages 228–231). The findings should lead to new studies examining how intestinal microbes affect immunity.

The intestinal immune system hosts more 
immune cells than all other immune-associated 
organs of the body together. The gut also hosts 
~1 × 1014 (ten times more than the total number 
of cells of our body) bacteria from 500–1,000 
different species. Research in the last few years 
has revealed that these microbes shape and 
influence the intestinal immune system. But the 
current view is that the impact of the intestinal 
microflora on host immunity stops at the gut; 
effects on other immune headquarters—such 
as the thymus, bone marrow and spleen—have 
not been clearly documented.

A study by Clarke et al.1 in Nature Medicine 
may change this view. The authors report that 
the function of bone marrow–derived neutro-
phils, cells residing at a distance from the gut, 
is influenced by a bacterial peptidoglycan origi-
nating from the intestinal microflora1 (Fig. 1). 
The authors show that constitutive priming of 
these neutrophils by the peptidoglycan results 
in the upregulation of their capacity to kill the 
bacteria that they may encounter. The peptido-
glycan sensor, Nod1, is the cornerstone of this 
‘innate immune memory’; indeed, neutrophils 
isolated from Nod1-deficient mice were unable 
to mount this constitutive priming and con-
sequently were less efficient at killing bacteria. 
These observations profoundly alter our vision 
of the impact of the intestinal microbiota on 
the immune system.

Nod1 belongs to the Nod-like receptor (NLR) 
family of intracellular sensors of microbial- 
and danger-derived motifs2. Nod1 is expressed 
on most cell types and mediates induction of 
proinflammatory signaling after detection of 
diaminopimelic acid–type peptidoglycan3,4 

found predominantly in Gram-negative bac-
teria. Nod1 works in concert with Nod2, which 
detects all types of peptidoglycan. Together, 
Nod1 and Nod2 mediate numerous aspects 
of innate immunity in response to bacterial 
infection. In particular, there are several links 
between stimulation of Nod1 and the function 
of neutrophils, a type of white blood cell rap-
idly recruited to sites of infection that have a 
key role in killing intruding microorganisms.

Recent studies have shown that synthetic 
Nod1 agonists, delivered intraperitone-
ally, are very potent inducers of neutrophil 
recruitment5. Moreover, Nod1-dependent 
activation of neutrophils in vitro results in 
a general upregulation of their killing capaci-
ties6. Interestingly, similar results were docu-
mented nearly three decades ago, long before 

the identification of Nod1, when investiga-
tors first reported the biological activities of 
synthetic diaminopimelic acid–type pepti-
doglycan fragments and demonstrated that 
these molecules potentiate the ability of 
immune cells, including neutrophils, to kill 
bacteria7.

The study by Clarke et al.1 began with an 
accidental and puzzling observation. They 
were comparing killing capacities of neutro-
phils isolated from the bone marrow of wild-
type (WT) and Nod1-deficient mice primed in 
vitro with heat-killed Haemophilus influenzae1. 
They noticed that Nod1-deficient neutrophils 
were not particularly good at killing the bac-
teria, even in the absence of priming1. The 
authors then speculated that the intrinsic 
defect of these Nod1-deficient neutrophils 

DAP-PG 

Nod1

Neutrophil 

Priming/enhanced 
killing capacity 

Gut 

Blood 

Bone 
marrow In

te
st

in
al

 e
pi

th
el

iu
m

Figure 1  The microflora primes systemic innate immunity. Diaminopimelic acid–type peptidoglycan 
(DAP-PG) from the intestinal microbiota constitutively translocates to the circulation and remotely 
primes bone marrow neutrophils via the Nod-like receptor molecule Nod1. These constitutively primed 
neutrophils then show an increased capacity to kill microorganisms.
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might be due to altered constitutive priming 
by diaminopimelic acid–type peptidoglycan1. 
Because the gut provides the greatest source 
of this bacterial molecule, they decided to 
turn their attention to a possible link between 
intestinal microflora and general function of 
neutrophils1.

Clarke et al.1 isolated bone marrow–derived 
neutrophils from antibiotic-treated and germ-
free mice and found that these cells had reduced 
killing capacity in vitro. By comparing the results 
obtained in Nod1-knockout, Nod2-knockout 
and Toll-like receptor 4–knockout mice, the 
authors identified Nod1 as a crucial mediator 
of the systemic priming of neutrophils by com-
ponents of the intestinal microflora1. 

Next, they found that soluble peptidoglycan, 
released by bacteria present in the intestinal 
lumen, could translocate into the circulation 
and serve as a molecular mediator responsible 
for the remote systemic priming of neutrophils 
in the bone marrow1. To show this, Clarke et al.1 
colonized the gut of mice with a strain of Escherichia 
coli with radiolabeled diaminopimelic acid and 
found radioactivity in cells of the bone marrow 
three days after inoculation.

In addition, the authors designed an original 
technique relying on in vitro luciferase reporter 
assays to monitor the presence of peptidogly-
can in the serum. In agreement with their 
model, the researchers found reduced quanti-
ties of peptidoglycan in sera from germ-free or 
antibiotic-treated mice1. Finally, the authors 

demonstrated that administration of Nod1 
ligand (given intraperitoneally) to antibiotic-
treated mice was sufficient to restore systemic 
neutrophil killing capacities, whereas Nod2 
ligand was unable to do so1. Peptidoglycan 
released into the circulation from gut bacte-
ria, by enhancing the general killing capacity 
of neutrophils, may affect host responses to a 
wide range of pathogenic microorganisms—
not only bacteria—that are targeted by these 
innate immune cells.

The observations reported by Clarke et al.1 
suggest a much more complex relationship 
between the intestinal microflora and innate 
immunity than previously anticipated. They 
also raise new questions for future investiga-
tions. It is unclear how Nod1 ligands diffuse 
from the gut to the circulation; is it a passive 
or active mechanism? It will also be impor-
tant to determine whether other gut-derived 
microbial products—such as flagellin, lipo-
proteins or CpG DNA—can also circulate 
and modulate the innate immune system 
remotely. Are immune cells, such as antigen-
presenting cells or lymphocytes, affected by a 
similar mechanism?

The findings also dovetail with observations 
that peptidoglycan products can modulate 
slow-wave sleep8,9. Indeed, early investiga-
tions had shown that a long-sought sleep-
promoting factor found in the circulation was 
a peptidoglycan moiety; however, the source 
of this bacterial molecule was not identified. 

In light of the results from Clarke et al.1, it will 
be interesting to characterize the role of the 
intestinal microbiota on sleep parameters.

Finally, for patients receiving broad- 
spectrum antibiotic therapies, it will be crucial 
to determine the duration of the prophylactic 
effect provided by Nod1 ligands on neutrophils 
to avoid a general blunting of innate immune 
capacities after treatment. Therefore, in addition 
to favoring the emergence of antibiotic-resistant 
pathogenic bacterial strains, imprudent use of 
antibiotics may have unexpected adverse effects 
on systemic innate immunity, a topic that will 
undoubtedly require further investigation in 
the near future. On the flip side, the results by 
Clarke et al.1 illustrate that the rational target-
ing of the intestinal microflora by drugs or 
specific diets may hold great prophylactic and 
therapeutic potential.
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A recent report from the US National Institutes 
of Health indicates that cancer rates are fall-
ing1. But despite this welcome trend, for many 
people with cancer, there are still far too few 
treatment options. Overall, cancers of the lung 
and bronchus have the highest incidence and 
mortality rates.

In this issue of Nature Medicine, Houghton 
et al.2 provide a possible new therapeutic 
approach for lung cancer while outlining a 
previously unknown way that inflammation 

Inflammatory proteinase slips into tumor cells
Barbara Fingleton

Inflammatory cells can promote tumor cell proliferation, but the range of mechanisms has not been fully explored. 
A proteinase produced by neutrophils is now shown to enter tumor cells and promote their proliferation (pages 219–223).

can promote tumorigenesis. The authors 
show that neutrophils, as purveyors of their 
own specific proteinase, neutrophil elastase, 
can profoundly influence lung cancer growth 
and development2. They further illustrate how 
targeting neutrophil elastase with already avail-
able inhibitors can affect a crucial intracellular 
signaling pathway, ultimately blocking tumor 
growth2. These results suggest a new treatment 
approach that could move rapidly to clinical 
testing and perhaps into the therapeutic arse-
nal for patients who need a new option.

Although the contribution of inflammation 
to tumor progression is well accepted for sev-
eral cancers, it is debated for others, including 
lung cancer. Perhaps the strongest evidence 
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comes from studies of tumor-associated 
macrophages in breast cancer3. High levels of 
these cells are linked to aggressive, metastatic 
disease and, ultimately, shorter survival. The 
various growth, survival and angiogenic factors 
released by macrophages may explain the cells’ 
potent tumor-promoting capabilities3.

Neutrophils, innate inflammatory cells that 
carry granules containing various bacterio-
cidal proteins, have received far less attention— 
although they have recently been shown to polar-
ize into populations that either promote or quell 
tumorigenesis4. Neutrophils may be neglected 
in part because they are considered representa-
tives of an ‘acute’ inflammatory response, whereas 
macrophages indicate a chronic response. This 
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