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Abstract

Background: Ileal lesions of Crohn’s disease [CD] patients are colonised by adherent-invasive 
Escherichia coli [AIEC] able to survive in macrophage cell lines. We analysed the ability of 
monocyte-derived macrophages [MDM] from CD patients to control AIEC intracellular replication 
and the pro-inflammatory cytokine response of the infected-MDM.
Methods: Peripheral blood MDM were obtained from 24 CD genotyped for NOD2 and ATG16L1 
mutations, 5 ulcerative colitis [UC] patients and 12 healthy controls [HC]. The numbers of intracellular 
bacteria were determined using gentamicin assay. Cytokine secretion was quantified by ELISA assay.
Results: We observed that higher levels of bacteria were internalised within MDM from CD 
patients than MDM from HC or UC patients. MDM from CD patients were unable to restrict AIEC 
intracellular replication. Infection of MDM from CD patients with AIEC resulted in significantly 
increased secretion of IL-6 and tumour necrosis factor alpha [TNF α] than did infection with non-
pathogenic E. coli. AIEC-infected MDM from CD patients exhibited a disordered cytokines secretion 
compared with MDM from UC patients and HC. AIEC-infected MDM from patients with quiescent 
CD released significantly higher amounts of IL-6 and TNF-alpha than those with active disease or 
those from HC. The level of secreted TNF-alpha was correlated to the number of intracellular AIEC 
in MDM from CD patients. Treatment of MDM with infliximab did not change the MDM behaviour.
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Conclusions: MDM from CD patients are unable to restrict intracellular AIEC replication, leading to 
disordered inflammatory response influenced by disease activity.

Key words:  Macrophages; Crohn’s disease; adherent-invasive E. coli; cytokines; infliximab

1. Introduction

Crohn’s disease [CD] and ulcerative colitis [UC] are two idiopathic 
inflammatory bowel diseases [IBD]1,2 with increasing incidence 
worldwide.3,4 Although aetiology of IBD has not yet been fully 
elucidated, it is now widely accepted that IBD result from an inap-
propriate inflammatory response to intestinal microbes in a geneti-
cally susceptible host. Evidence of the importance of host–microbe 
interactions in the pathogenesis of IBD has been widely highlighted 
by genetic studies. In particular, NOD2 [nucleotide oligomeriza-
tion domain 2] gene encodes an intracellular innate immune recep-
tor, and in ATG16L1 [autophagy-related like 1, T300A] is involved 
in the machinery and regulation of autophagy, an intracellular 
degradation pathway that delivers cytoplasmic content, including 
bacteria, to lysosomes. The association of CD with polymorphisms 
of those genes strengthens the hypothesis of the involvement of 
invasive bacteria in the disease.56,7,8,9 Defects in such pathways 
could lead to ineffective clearance of pathogens and dysregulated 
inflammation.10,11

Intramucosal Escherichia coli or mucosa-associated E. coli with 
invasive properties in CD patients has been reported in a number 
of independent studies.1213,14,15,16,17,18 CD-associated E. coli are highly 
adherent and invasive, and accordingly they have been termed 
adherent-invasive E. coli [AIEC]. The presence of E. coli has been 
convincingly evidenced within macrophages in CD tissue. E.  coli 
antigens have been identified in macrophages within the lamina pro-
pria and in the germinal centres of mesenteric lymph nodes in CD 
patients,19,20,21 and E. coli DNA was detected in 80% of microdis-
sected granulomas from CD patients.22 In addition, AIEC can target 
M cells, which could allow them to interact with Peyer’s patches 
and lamina propria macrophages.23 In vitro studies have demon-
strated that E. coli associated with CD are able to survive and rep-
licate within macrophages, and infected macrophages secreted high 
amounts of tumour necrosis factor alpha [TNF-α].24,25,26,27,28,29,30 We 
recently showed that TNF-α enhances the intramacrophagic rep-
lication of AIEC LF82 bacteria and that, conversely, treatment of 
infected macrophages using antibodies that neutralise the bioactivity 
of TNF-α decrease the number of intracellular AIEC bacteria in J774 
macrophages.

The aim of the present study was to compare the ability of 
peripheral blood monocyte-derived macrophages [MDM] isolated 
from CD patients to handle internalisation and intracellular repli-
cation of AIEC bacteria with those from UC patients and healthy 
controls, and the pro-inflammatory cytokine response in infected 
macrophages.

2. Materials and Methods

2.1. Ethical considerations
The study was performed in accordance with the Declaration of 
Helsinki, Good Clinical Practice and applicable regulatory require-
ments. Study ethics approval was obtained on omité de Protection 
des Personnes (CPP) Sud-Est 6, France [approval number AU 904].

2.2. Patients
A total of 24 CD patients with quiescent CD (Crohn’s disease activity 
index [CDAI] < 150) or active CD [CDAI ≥ 150], 5 UC patients and 
12 healthy controls were prospectively and consecutively included 
between February 2012 and May 2013, at the University Hospital 
of Clermont-Ferrand, France. Patients presenting with previous or 
concomitant anti-TNF therapy exposure were excluded. Blood sam-
ples [50 ml] were drawn from all participants in EDTA tubes regard-
ing MDM separation and in dry tubes regarding genetics. All CD 
patients were genotyped for the main coding mutations in NOD2 
(single nucleotide polymorphism [SNP]8 [Arg702Trp], SNP12 
[Gly908Arg], and SNP13 [Leu1007 fsins C]) and for ATG16L1 
[T300A].

2.3. Procedure
2.3.1. Bacterial strains
AIEC strain LF82 was isolated from a chronic ileal lesion of a patient 
with CD.14 The E. coli K-12 C600 strain [laboratory stock] was used 
as a non-pathogenic control.

2.3.2. MDM isolation and culture
Monocytes were purified from blood by Ficoll [Eurobio] density 
gradient separation and by negative selection using the EasySep™ 
Human Monocyte Enrichment Kit [Stem Cell]. Monocytes were sus-
pended in RPMI 1640 medium [Dutcher] supplemented with 10% 
heat-inactivated fetal calf serum [FCS; Dutcher], 1% L-glutamine [Life 
Technologies], and 0.2 µg/ml of recombinant human macrophage col-
ony stimulating factor [rh-M-CSF, Immunotools]. Cells were seeded 
into 48-well culture plates at a density of 2.5 × 105 and were incubated 
at 37°C in a humidified 5% CO2 atmosphere for 6 days.

2.3.3. MDM uptake, survival and replication assays
Before infection, MDM were washed twice with PBS and the 
medium was replaced with 1 ml of RPMI 1640 supplemented with 
10% heat-inactivated FCS. MDM were infected at a multiplicity of 
infection [MOI] of 100 bacteria per macrophage. After 10 min of 
centrifugation at 1000 g and a 10-min incubation period at 37°C 
with 5% CO2, fresh cell culture RPMI 1640 medium, supplemented 
with 10% heat-inactivated FCS and containing 20  µg/ml of gen-
tamicin, was added for a period of 40 min [1 h post-infection] or 
10 h [10 h post-infection], and the numbers of intracellular bacteria 
were determined as previously described.28

2.3.4. TNF-α neutralization
Macrophages were infected as described above. Infliximab at 1 µg/
ml [Remicade, Centocor, Malvern, Philadelphia, PA] was added 
during infection and after infection to the medium containing 
gentamicin.

2.3.5. Enzyme-linked immunosorbent assay
At 10 h post-infection, supernatants were collected, centrifuged, and 
stored at -80°C. The amounts of Il-6, Il-8, and TNF-α released in 
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cell culture supernatants were determined by ELISA [R&D systems]. 
Cytokine concentrations were assessed according to the manufac-
turer’s instructions.

2.4. Statistical analysis
Data were analysed by Mann–Whitney, Kruskal–Wallis, and 
Spearman tests. A  p-value ≤ 0.05 was considered statistically sig-
nificant. Data are expressed as the median [Q1, Q3] or the mean ± 
SEM. Univariate analysis was performed to look for factors associ-
ated with the ability of peripheral blood MDM isolated from CD 
patients to handle internalisation and intracellular replication of 
AIEC bacteria. The studied factors are listed in Table 1.

Study data were collected and managed using REDCap elec-
tronic data capture tools hosted at the University Hospital of 
Clermont-Ferrand.31 REDCap [Research Electronic Data Capture] 
is a secure, web-based application designed to support data capture 
for research studies, providing: 1] an intuitive interface for validated 
data entry; 2] audit trails for tracking data manipulation and export 
procedures;  3] automated export procedures for seamless data 

downloads to common statistical packages; and 4] procedures for 
importing data from external sources.

3. Results

3.1. Patients’ characteristics
In our cohort, median ages were 45.0 [28.0–54.5], 43.0 [39.0–48.0], 
and 32.0 [28.0–43.0] years, respectively, in CD, UC, and healthy 
controls. Overall 11 CD patients [45.8%], 1 UC patient [20.0%] 
and 6 controls [50.0%] were females. All the patients’ characteristics 
are given in Table 1.

3.2. Increased number of AIEC internalised within 
MDM from CD patients
The uptake of AIEC reference strain LF82 and non-pathogenic 
E. coli K-12 C600 strain by macrophages was assessed in periph-
eral blood MDM obtained from healthy controls, CD, and UC 
patients [Figure 1A]. The numbers of intracellular bacteria within 
macrophages were determined at 1 h post-infection [Figure  1A]. 

Table 1. Characteristics of Crohn’s disease patients, ulcerative colitis patients, and healthy controls.

Characteristics Patients with active CD CD patients in remission Ulcerative colitis patients Healthy controls

n 11 13 5 12
Age [years] 51[34–62] 30[28–46] 43 [39.0–48.0] 32 [28.0–43.0]
Gender
 Female [n, %] 5,45.5 6, 54.5 1, 20.0 6, 50.0
 Male [n, %] 6, 54.5 5, 45.5 4, 80.0 6, 50.0
Weight [kg] 71[62.5–87.5] 60[54.0–70.0] 71.0 [65.0–82.0] 68.0 [55.0–74.0]
Height [cm] 170[163–175] 166[163–170] 177.0 [173.0–180.0] 172.5 [165.5–175.5]
Body mass index [kg/m2] 25.9[19.4–28.2] 20.4[19.8–25.6] 23.9 [23.7–24.8] 22.2 [20.3–25.0]
Smoking status
 Active smokers [n, %] 5, 45.4 4, 30.7 2, 40.0 3, 25.0
 Former smokers [n, %] 1, 9.1 6, 46.2 2, 40.0 3, 25.0
 Never smoked [n, %] 5, 45.4 3, 23.1 1, 20.0 6, 50.0
Familial history of IBD [n, %] 0, 0.0 3, 23.1 0, 0.0 0, 0.0
Previous appendectomy [n, %] 5, 45.4 6, 46.2 0, 0.0 6, 50.0
Montreal classification
Crohn’s disease
 L1 2, 18.2 2, 15.4 - -
 L2 5, 45.4 4, 30.7 - -
 L3 4, 36.4 7, 53.8 - -
 L4 2, 18.2 5, 38.5 - -
 B1 8, 54.5 10, 76.9 - -
 B2 3, 27.3 1, 7.7 - -
 B3 0, 0.0 2, 15.4 - -
 p 2, 18.2 2, 15.4 - -
Ulcerative colitis -
 E1 - - 1, 20.0 -
 E2 - - 1, 20.0 -
 E3 - - 3, 60.0 -
Age at diagnosis [years] 46[21–53.5] 24[20–40] 43.0 [39.0–48.0] -
Disease duration [years] 1[0–5] 4[0–7] 5.1 [2.7–5.3] -
CDAI 250[188–295] 104[44–131] -
SCCAI - - 2.0 [1.0–8.0] -
Treatment -
 5-ASA 0, 0.0 0, 0.0 2, 40.0 -
 Steroids 2, 18.2 0, 0.0 1, 20.0 -
 Thiopurines 3, 27.3 6, 46.2 3, 60.0 -
C-reactive protein [g/l] 19.0[4.5–24.0] 1.0[3.0–4.0] 2.9 [2.9–25.0] 3.0 [3.0–3.5]

When not specified, results are indicated in median [low interquartileupper interquartile].
 n, number; IBD, inflammatory bowel disease; CDAI, Crohn’s disease activity index; SCCAI, Simple clinical colitis activity index [Walmsley’s score]; CD, 

Crohn’s disease ;.5-ASA, 5-aminosalicylic acid.
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Interestingly, in CD patients, the number of internalised bacteria 
seemed to be higher than those observed in MDM from healthy con-
trols and UC patients. This was observed from K12 [p = 0.0074] and 
was almost significant for LF82 [p = 0.0875]], indicating that MDM 
from CD patients are more permissive to infection than MDM from 
healthy controls or UC patients. No difference was observed in the 
numbers of internalised bacteria within MDM from CD patients 
according to the disease activity [Figure 1B].

In addition, we observed that a higher number of intracellular 
AIEC LF82 bacteria were internalised within MDM, regardless of 
their origin, compared with non-pathogenic E. coli K-12 C600 bac-
teria. This was significant in MDM obtained from healthy controls 
[p = 0.0398] and CD patients [p = 0.0104] but not those from UC 
patients [p = 0.0952]. This result shows an enhanced ability of AIEC 
LF82 bacteria to enter macrophages compared with non-pathogenic 
E. coli K-12 C600.

A

C D

B

Non pathogenic E. coli K-12

AIEC LF82

N
um

be
r 

of
 in

te
rn

al
iz

ed
 A

IE
C

 L
F8

2 
ba

ct
er

ia
at

 1
h 

po
st

-i
nf

ec
ti

on
 (

C
FU

/w
el

l)

N
um

be
r 

of
 in

te
rn

al
iz

ed
  b

ac
te

ri
a

at
 1

h 
po

st
-i

nf
ec

ti
on

 (
C

FU
/w

el
l)

N
um

be
r 

of
 in

te
rn

al
iz

ed
  b

ac
te

ri
a

at
 1

0h
 p

os
t-

in
fe

ct
io

n 
(×

10
6

C
FU

/w
el

l)

N
um

be
r 

of
 in

te
rn

al
iz

ed
  A

IE
C

L
F8

2 
ba

ct
er

ia
at

 1
0h

 p
os

t-
in

fe
ct

io
n 

(×
10

6
C

FU
/w

el
l)

Quiescent CD

Active CD

Quiescent CD

Active CD

Non pathogenic E. coli K-12

AIEC LF82

CD vs. UC, Healthy; p = 0.0875

CD vs. UC, Healthy; p = 0.0075

CD vs. UC, Healthy; p = 0.02012

CD vs. UC, Healthy; p = 0.0960

p = 0.0398
p = 0.0952

p = 0.0104

p < 0.0001

p < 0.0001 p < 0.0079

p = 0.0129

p = 0.0373

p = 0.0225

Healthy

104

105

106

107

104

105

106

107

HealthyUC CD

Healthy

0

2

4

6

8

10

0

2

4

6

8

10

UC CD Healthy CD

CD

Figure 1. Internalisation of AIEC LF82 bacteria and non-pathogenic E. coli K-12 bacteria within monocyte-derived macrophages obtained from healthy volunteers, 
ulcerative colitis [UC], and Crohn’s disease [CD] patients. Monocyte-derived macrophages [MDM] from healthy controls, CD, and UC patients were infected with 
AIEC strain LF82 and non-pathogenic E. coli K-12 C600 strain. The numbers of bacteria internalised within macrophages were determined at 1 h post-infection [A, 
B] and at 10 h post-infection [C, D]. Results were expressed as numbers of colony-forming units [CFU] per well. Data are represented as a box plot showing the 
median and the lower and upper quartiles. Data were analysed by Mann–Whitney and Kruskal–Wallis tests. A p-value ≤ 0.05 was considered statistically significant.
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3.3. Impaired ability of MDM from CD patients to 
control intracellular AIEC
The ability of CD-associated and non-pathogenic E. coli to survive 
and replicate within MDM was analysed by determining the num-
ber of intracellular bacteria at 10 h post-infection [Figure 1C–D and 
Figure 2]. As shown in Figure 1C, the number of intracellular AIEC 
LF82 bacteria was significantly higher than that of intracellular 
non-pathogenic E. coli K-12 bacteria, whatever the origin of MDM 
[healthy controls, p < 0.0001; CD patients, p < 0.0001; UC patients, 
p = 0.0079]. AIEC LF82 bacteria were able to survive within MDM 
from healthy controls [p < 0.0001], CD patients [p = 0.0079], and 

UC patients [p < 0.0001] [Figure 1C], in contrast to non-pathogenic 
E.  coli K-12 C600 bacteria that were efficiently killed by mac-
rophages [Figures 1C and 2A]. When data were analysed accord-
ing to disease activity, numbers of intracellular AIEC LF82 bacteria 
observed in MDM from CD patients with quiescent or active disease 
were similar [Figure 1D]. In addition, we showed that AIEC LF82 
bacteria were able to replicate within MDM from CD patients but 
not within MDM from UC patients or healthy controls [p = 0.0168] 
[Figure 2B], showing that replication was not related to the initial 
phagocytosis level. These results points to the defective ability of 
MDM from CD patients to control intracellular AIEC bacteria rep-
lication. Univariate analysis did not show any association between 
clinical factors [listed in Table 1] such as age at diagnosis, disease 
duration, Montreal classification, concomitant therapies, smoking 
habits, and CRP value, and the ability of macrophages from CD 
patients to control AIEC bacteria.

3.4. Association between NOD2 and ATG16L1 
polymorphisms and the ability of macrophages 
from CD patients to control AIEC bacteria
Genetic analysis of patients in our cohort revealed that 14 CD 
patients were normal for NOD2 and ATG16L1, 5 CD patients 
were heterozygous for NOD2 [SNP8], and 4 CD patients were 
homozygous for ATG16L1 [T300A]. No patient carried SNP12and 
13 polymorphisms in NOD2 gene. We analysed the ability of mac-
rophages, carrying NOD2 [SNP8] or ATG16L1[T300A] genes vari-
ants or not, to control AIEC LF82 bacteria [Figure 3]. The median 
number of AIEC LF82 bacteria internalised within macrophages 
at 1 h post-infection were similar between the three genetic groups 
[Normal  =  1.54 × 106 CFU/well; NOD2[SNP8]  =  1.84 × 106 CFU/
well; ATG16L1[T300A]  =  1.74 × 106 CFU/well]. However, the 
numbers of intracellular bacteria at 10 h post-infection seemed 
to be higher in macrophages from CD patients heterozygous for 
NOD2 [median  =  4.28 × 106 FU/well] [p  =  0.18] or homozygous 
for ATG16L1 [median = 3.95 × 106 CFU/well] [p = 0.07] compared 
with those in macrophages from CD patients normal for NOD2 and 
ATG16L1 [median = 1.71 × 106 CFU/well] [Figure 3B] but this did 
not reach statistical significance.

3.5. Disordered cytokine secretion profile in MDM 
from CD patients infected with AIEC bacteria
The levels of the pro-inflammatory cytokines IL-6 and TNF-α and 
of the chemokine IL-8 were determined at 10 h post-infection in 
the supernatants of infected MDM [Figure 4]. Infection of MDM 
from healthy controls or UC patients with AIEC or non-pathogenic 
E.  coli strain K-12 induced the secretion of similar levels of IL-8 
[Figure  4A], IL-6 [Figure  4B] and TNF-α [Figure  4C]. However, 
significant increases in the levels of IL-6 [p = 0.0259] and TNF-α 
[p = 0.0259] were measured in the supernatants of MDM obtained 
from CD patients infected with AIEC LF82 bacteria compared with 
those infected with non-pathogenic E. coli strain K-12 C600. This 
result indicates that AIEC induced a stronger inflammatory response 
than non-pathogenic E. coli, in MDM from CD patients.

In addition, we observed that the levels of IL-8 secreted by MDM 
obtained from CD patients infected with AIEC bacteria [p = 0.0177] 
or non-pathogenic E. coli K-12 C600 [p = 0.0462] were significantly 
decreased compared with those of infected MDM from healthy con-
trols and UC patients. Disease activity had no impact on the IL-8 
secretion by infected MDM from CD patients [Figure 4D]. We also 
observed higher amounts of IL-6 [p = 0.0157] and to a lesser extent 
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Figure 2. Ability of monocyte-derived macrophages from healthy volunteers, 
ulcerative colitis [UC], and Crohn’s disease [CD] patients to control 
intracellular AIEC LF82 bacteria and non-pathogenic E.  coli K-12 bacteria. 
Survival and replication abilities of non-pathogenic K-12 C600 bacteria 
[A] and AIEC LF82 bacteria [B] in MDM from control, UC, and CD patients. 
Results were expressed as numbers of colony-forming units [CFU]/well at 1 h 
and 10 h post-infection. Data are means ± standard error of the mean [SEM] 
and were statistically analyzsd by Mann–Whitney and Kruskal–Wallis tests. 
A p-value ≤ 0.05 was considered statistically significant.
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of TNF-α [non significant (ns)] in the supernatants of LF82-infected 
MDM from CD patients than those from healthy controls or UC 
patients. Interestingly, when data were analysed according to disease 
activity, we observed that the levels of IL-6 [Figure 4E] and TNF-α 
[Figure 4F] secreted by AIEC LF82-infected MDM from CD patients 
with active disease were significantly lower than those secreted by 
AIEC LF82-infected MDM from CD patients with quiescent dis-
ease. Indeed, the levels of IL-6 and TNF-α secreted by AIEC LF82-
infected MDM from CD patients with active disease were similar to 
those secreted by AIEC LF82-infected MDM from healthy controls. 
In contrast, the levels of IL-6 [Figure  4E] and TNF-α [Figure  4F] 
secreted by K-12 C600-infected MDM from CD patients with active 
disease were not significantly different from those secreted by K-12 
C600-infected MDM from CD patients with quiescent disease or 
from healthy controls. Altogether, these results showed that the 
inflammatory response of MDM from CD patients to AIEC infec-
tion differs according to the disease activity.

3.6. Correlation of TNF-α secretion by infected MDM 
from CD patients and the number of AIEC LF82 
bacteria
We investigated whether levels of the pro-inflammatory cytokines 
IL-6 and TNF-α secreted by AIEC LF82-infected MDM from CD 
patients could be related to the number of intracellular bacteria at 
10 h post-infection by performing statistical correlation analysis 
[Spearman test]. We observed no correlation between the amounts 
of IL-6 secreted and the numbers of intracellular AIEC bacte-
ria regardless of the MDM origin [healthy controls, UC, or CD] 
[Figure  5A-C]. No correlation was observed either between the 
amounts of TNF-α secreted by infected macrophages and the num-
bers of intracellular AIEC bacteria within MDM from control and 
UC patients [Figure 5D-E]. However, the amount of TNF-α released 

by AIEC-infected MDM obtained from CD patients was related to 
the number of intracellular bacteria at 10 h post-infection [r 0.5584, 
p = 0.0069] [Figure 5F].

We have previously shown that treatment of AIEC-infected 
J774 macrophages with antibodies that neutralise the bioactivity 
of TNF-α decreases the number of intracellular bacteria.6 Here, we 
investigated whether infliximab, a chimeric monoclonal antibody 
against TNF-α, could impact on the intracellular survival/replication 
of AIEC bacteria within MDM [Figure 6]. Treatment with inflixi-
mab did not modify the number of intramacrophagic bacteria at 1 h 
or 10 h post-infection in MDM from healthy controls, CD, or UC 
patients.

4. Discussion

The complex aetiology of CD has not been yet fully elucidated. 
However, several experimental and genetic evidences point out defec-
tive innate immunity in CD. In particular, anomalies in macrophages 
are suspected to account for some immunological defects associ-
ated with the development of CD. Besides, due to their virulence 
traits, including their ability to highly colonise intestinal mucosa in 
inflammatory mouse models and in CD patients, to survive within 
macrophages and to induce severe inflammatory response, adherent-
invasive E. coli are considered as a factor involved in CD aetiopatho-
genesis. In the present study, we analysed the ability of macrophages 
obtained from CD patients to handle AIEC and the inflammatory 
response associated to cell infection by these pathogenic bacteria.

Analysis of bacteria uptake by MDM revealed that cells obtained 
from CD patients seemed to be more permissive to both AIEC and 
non-pathogenic E. coli internalisation than MDM obtained from 
healthy controls or UC patients. This increased internalisation was 
not related to the disease activity. Conflicting results have been 
reported regarding phagocytosis of CD-associated monocytes/
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Figure 3. Ability of monocyte-derived macrophages [MDM] from Crohn’s disease [CD] patients to control intracellular AIEC LF82 bacteria according to genetic 
status. MDM from 14 CD patients normal for NOD2 and ATG16L1, 5 CD patients heterozygous for NOD2 [SNP8], and 4 CD homozygous for ATG16L1 [T300A] 
were infected with AIEC strain LF82. The numbers of bacteria internalised within macrophages were determined at 1 h post-infection [A] and at 10 h post-
infection [B]. Results are expressed as numbers of colony-forming units [CFU] per well. Data are represented as a box plot showing the median and the lower 
and upper quartiles. Results did not reach statistical significance (p = 0.18 for CD patients heterozygous for NOD2 [SNP8] and p = 0.07 for CD homozygous for 
ATG16L1 [T300A] compared with patients with no mutation).
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Figure 4. Pro-inflammatory cytokine secretion in monocyte-derived macrophages [MDM] from healthy volunteers, ulcerative colitis [UC] and Crohn’s disease 
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Data are expressed as pg/ml of cytokines and are represented as a box plot showing the median and the lower and upper quartiles. Data were analysed by 
Mann–Whitney and Kruskal–Wallis tests. A p-value ≤ 0.05 was considered statistically significant.
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macrophages. Mee et  al. have reported an increased number of 
Staphylococcus aureus internalised in monocytes from patients 
with UC and CD compared with controls.32 Similarly, Whorwell 
et  al. have observed that Candida albicans phagocytosis is 
increased in blood monocytes of CD patients compared with those 
from controls, independently of the disease activity.33 In contrast, a 
decreased phagocytic activity of monocytes from CD patients with 
active disease as lower than that in patients with quiescent disease 
has been reported.34 More recently, Schwarzmaier et  al. showed 
that phagocytosis of non-pathogenic E. coli was not impaired in 
peripheral blood monocytes of patients with inactive CD.35 This 
divergence in the results may be due to differences in the methodol-
ogy and to the heterogeneity of the included patients in the stud-
ies [patients with quiescent or active disease] and the considered 
microorganisms.

We observed that a higher number of AIEC bacteria, compared 
with non-pathogenic E. coli K-12 bacteria, were internalised within 
MDM, irrespectively of the groups [CD, UC, HC]. Study of surface 
molecules on monocytes from CD patients revealed that these cells 
are activated and this could modulate their phagocytic function.35 
AIEC bacteria may express specific factors or variants that confer on 
them the ability, or a best affinity, to interact with receptor expressed 
by macrophages, as already reported regarding recognition of the 
CEACAM6 receptor by type 1 pili variant, expressed by AIEC.36

Our group and others have previously reported that CD-associated 
E. coli are able to survive and replicate within murine J774-A1 mac-
rophages, human THP-1 macrophages,29 and human MDM [HMDM] 
obtained from fresh human blood of healthy controls.2425,26,27,28,30 In 
vitro analysis of the intracellular traffic of bacteria-containing vacu-
oles in macrophages has revealed that AIEC persist in vacuoles with 
phagolysosomal traits.25 In this study, we compared the ability of 
AIEC bacteria to persist within MDM obtained from healthy controls, 
UC, and CD patients. In contrast to a non-pathogenic E. coli strain, 
AIEC bacteria were able to resist MDM killing, regardless of cell ori-
gin and CD activity. However, intracellular replication of AIEC bacte-
ria was only observed in MDM from CD patients. This result points to 
defects of MDM from CD patients in the abilityto restrict the number 
of intracellular AIEC bacteria. The hypothesis of macrophage dis-
ability to degrade phagocytosed materials in the establishment of CD 
was already suggested by M Ward 40 years ago.37 Delayed removal 
from the tissues has been observed of E. coli injected subcutaneously 
into the forearm of CD patients , demonstrating that bacterial clear-
ance was impaired in CD patients.38 Polymorphisms in genes encod-
ing the innate immune receptor NOD2 involved in the recognition of 
invasive bacteria and the ATG16L1 and IRGM proteins involved in 
autophagy, a degradation system that can deliver intracellular bacteria 
to lysosomes for their elimination, have been identified as risk fac-
tors for CD. This supports the hypothesis of macrophage dysfunction 
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Figure 5. Statistical analysis of the correlation between the amounts of cytokines secreted by infected monocyte-derived macrophages from healthy volunteers, 
Crohn’s disease [CD] or ulcerative colitis [UC] patients and the number of intracellular AIEC LF82 bacteria. Spearman correlation analysis of the number of 
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in the disease. Disease-associated mutations in these genes or specific 
RNA interference restrict bactericidal activity of cells against AIEC 
in in vitro and in vivo murine models.11,39 In accordance with these 
studies and despite restriction due to our cohort, we observed that 
MDM with CD-associated polymorphisms in ATG16L1 could be less 
efficient in controlling intracellular AIEC bacteria than those of CD 
patients normal for ATG16L1. However, due to the low numbers of 
CD patients included in this study who carryied CD-associated poly-
morphisms in NOD2 or ATG16L1 genes, no conclusion can be drawn 
concerning the increase AIEC survival within macrophages isolated 
from patients harbouring NOD2. Thus, this association should be 
investigated in a larger cohort in the future.

Intracellular persistence of bacteria that invade and breach the 
intestinal mucosa within immune cells may induce granuloma for-
mation, one of the hallmarks of CD, and participate in the estab-
lishment of the disease. Macrophages are prominent in granulomas. 
The presence of E.  coli has been convincingly evidenced within 
macrophages in CD intestinal biopsies. E. coli antigens have been 
identified in macrophages within the lamina propria and in the ger-
minal centres of mesenteric lymph nodes in patients with CD.20,21 
Given their ability to persist within macrophages, AIEC could favour 
granuloma formation. Furthermore, E.  coli DNA was detected in 
80% of microdissected granulomas from CD patients,22 and AIEC 
were able to induce the formation of cell aggregates very similar to 
epithelioid granulomas in an in vitro model based on human blood-
derived mononuclear cells.40

Whereas AIEC and non-pathogenic E. coli induced similar secre-
tion levels of IL-6, TNF-α, and IL-8 in MDM from healthy con-
trols and UC patients, the amount of IL-6 and TNF-α secreted by 

MDM from CD patients infected with AIEC bacteria was signifi-
cantly higher than that induced by non-pathogenic E. coli K-12. This 
could be due to difference either in immunogenicity of the bacteria 
or in activation of a host-specific signalling pathway, or could be 
related to the number of bacteria internalised within MDM. Indeed, 
we observed that a higher number of AIEC bacteria than non-
pathogenic E. coli bacteria were phagocytosed and persisted within 
MDM from CD patients. In addition, as previously shown in J774 
murine macrophages, we observed that a correlation exists between 
the number of intracellular bacteria in MDM from CD patients and 
TNF-α secretion.24 Interestingly, this was not observed in AIEC-
infected MDM from healthy controls or from UC patients. It has 
been reported that treatment of AIEC-infected J774 macrophages 
with antibodies that neutralise the bioactivity of TNF-α and treat-
ment of human THP-1 macrophages infected with Mycobacterium 
avium subsp. paratuberculosis [MAP] with infliximab decreased the 
number of intracellular bacteria.24,41 Under the conditions tested in 
this study, infliximab treatment of MDM from healthy controls, CD, 
and UC patients did not modify the number of intracellular AIEC. 
The discrepancy observed regarding the ability of anti-TNF-α to 
control intracellular AIEC replication could be due to different bio-
logical activities of the antibodies used, since Bringer et al.24 used a 
goat antibody selected for its ability to neutralise mouse TNF-α. In 
this study, we used infliximab, a chimeric IgG1κ monoclonal anti-
body [composed of human constant and murine variable regions] 
specific for human TNF-α, for which different mechanisms of action 
have been described.42 Sources of macrophages are also different, as 
mouse J774-A1 macrophages were used in Bringer et al. compared 
with human MDM in this study. To date, there are no published data 
on the impact of infliximab treatment on the intracellular survival/
replication of bacteria within MDM. Therefore, it would be interest-
ing to study the impact of several treatments’ duration and the use 
of higher infliximab doses on the number of intracellular bacteria 
within MDM.

Conflicting results have been reported regarding the inflammatory 
response of monocytes/macrophages from CD patients in remission. 
Indeed, impaired secretion of pro-inflammatory cytokines, including 
TNF-α and IL-6, by macrophages from patients with quiescent CD 
in response to infection with live E. coli, MAP, and M. avium subsp. 
avium, or stimulation with heat-killed E.  coli, or agonists of Toll-
like receptors, have been reported.38,43,44 In contrast, in a recent study, 
Schwarzmaier et  al. observed similar levels of cytokines, including 
TNF-α, IL-6. and IL-8, in patients with inactive CD and healthy con-
trols.35 To our knowledge, our study is the first report comparing the 
inflammatory response of infected-macrophages obtained from CD 
patients with quiescent or active disease. We observed that MDM 
from CD patients with quiescent disease secreted higher levels of IL-6 
and TNF-α than those from patients with active disease or healthy 
controls. As previously suggested by Zorzi et al., pro-inflammatory 
cytokine secretion may possibly vary in CD, in a temporary manner.45

Further comparative studies are needed on monocytes and 
mucosal macrophages in CD patients, regarding the disease activ-
ity and innate immune genetic polymorphisms associated with CD. 
Such investigations would provide further insight into the potential 
of the immunological response of these cells upon stimulation by 
innate immune receptor agonists and commensal or CD-associated 
pathogenic bacteria.

The originality of this work was that we used samples retrieved 
from CD patients compared with UC and healthy controls. In addi-
tion, several assays have shown that autophagy defect in murine mod-
els or in vitro autophagy blockade could favour AIEC replication. 
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Figure 6. Impact of infliximab treatment on the number of intracellular AIEC 
LF82 bacteria in monocyte-derived macrophages from healthy volunteers, 
Crohn’s disease [CD], and ulcerative colitis [UC] patients. Numbers of 
intracellular AIEC LF82 bacteria at 1 h and 10 h post-infection within MDM 
from healthy controls, CD patients, or UC patients untreated or treated with 
infliximab at 1 µg/ml. Data are expressed as colony-forming units [CFU]/well 
and are represented as a box plot showing the median and the lower and upper 
quartiles. Data were analysed by Mann–Whitney and Kruskal–Wallis tests.
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However our study is the first to show that MDM retrieved from 
CD patients with autophagy defect could be unable to control AIEC 
infection.

In conclusion, our observations provide new insight into the 
ability of macrophages from CD patients to handle pathogenic 
bacteria and into the immunological features of these cells accord-
ing to the disease activity. In CD patients, AIEC bacteria breaching 
the mucosal barrier could take advantage of the poor bactericidal 
activity of macrophages to create an intracellular replication 
niche. Intracellular persistence of AIEC bacteria and immuno-
logical reactivity of the macrophages in quiescent CD patients, 
characterised in part by high secretion of IL-6 and TNF-α, could 
support the chronicity of the disease. These first results should 
lead to further investigations to search for the cause of this abnor-
mal behaviour of macrophages in some CD patients, which could 
be a potential therapeutic target in the future.
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