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Chapter 6 
ABSTRACT 

Objectives: The human gut microbiome is a crucial factor in the pathogenesis of 
inflammatory bowel disease (IBD). IBD patients have elevated levels of mucosal and serum 
IgG directed against antigens of intestinal bacteria, such as flagellins. Here, we determined 
to which fecal bacteria the humoral immune response is directed in IBD patients.  

Design: Fecal and serum samples were obtained from 55 IBD patients (34 Crohn’s disease, 
17 ulcerative colitis and 4 unclassified IBD) with different disease activity and locations. The 
fecal samples were incubated with autologous serum and the bacteria opsonized with 
serum IgG were isolated by Magnetic-Activated Cell Sorting. The bacterial compositions of 
both the IgG sorted samples and the original fecal samples were determined by 16S rRNA-
gene analysis using Illumina sequencing.  

Results: Principal component analysis of the bacterial compositions indicated that the IgG 
response was directed against typical small-intestinal genera, such as Streptococcus, 
Lactobacillus, Lactococcus, Enterococcus, Veillonella and Enterobacteriaceae, but also 
against the genera Coprococcus, Dorea and the species Ruminococcus gnavus. The IgG 
immune response was not directed against other gut commensals such as the 
Lachnospiraceae members Roseburia and Blautia, Faecalibacterium and Bacteroides. There 
was no difference in bacteria-directed IgG-specificity between patients with ulcerative 
colitis or Crohn’s disease, active or inactive disease and different disease locations. Drug 
use did not affect bacteria-directed IgG-specificity, however, the use of mesalazine was 
correlated with increased numbers of bifidobacteria and decreased numbers of 
Enterobacteriaceae in the untreated samples.  

Conclusion: The IgG immune response in IBD patients largely ignores most of the 
commensal large-intestinal microbiota, but preferentially targets typical small-intestinal 
microbiota. This could indicate a strong immune-tolerance against commensal colonic 
bacteria and/or a strong early immunological exposure to small intestinal microbiota 
suggesting a possible role for these bacteria in the onset of IBD.  
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IgG immune response in IBD patients 
INTRODUCTION 
Inflammatory Bowel Disease (IBD) includes the chronic inflammatory bowel disorders 
ulcerative colitis (UC) and Crohn’s disease (CD). UC is characterized by a continuous 
inflammation of the superficial mucosal and sub-mucosal layers extending from the rectum 
up into the colon, typically not affecting the small intestine. CD is a relapsing-remitting 
disease, which may involve any part of the gastro-intestinal tract, but most commonly 
affects the terminal ileum and/or beginning of the colon. IBD is a multifactorial chronic 
disease, triggered by environmental factors in genetically susceptible individuals1. Recent 
genome-wide association studies (GWAS) have identified 163 genetic risk loci associated to 
IBD2. However, besides the individual’s  DNA code, also environmental factors, such as life 
style, smoking and diet enhance the susceptibility to IBD. Gut microbiota are considered to 
be a major factor in the pathogenesis of IBD.  Studies using laboratory mouse models of IBD 
showed that germ-free mice do not develop colitis3, indicating that the presence of gut 
microbiota is essential for disease development and that its diversity and composition is 
important in the etiology of IBD 4,5.  
The Human Microbiome Project consortium showed that the diversity and abundance of 
microbes in the gut varies greatly, even among healthy subjects6. The gut microbiota, which 
is dominated by the phyla of Firmicutes and Bacteroidetes, carries out important functions 
that include fermentation of indigestible food substances, preserving the integrity of the 
mucosal barrier and maturation of a competent immune system 7,8. Dysbiosis of gut 
microbes is an important immunologic and pathogenic factor in IBD. Changes in the 
microbial composition due to genetic and environmental factors, such as diet, may 
contribute to an inappropriate host immune response9. Numerous studies have 
demonstrated alterations in the microbial abundance and composition in both fecal and 
mucosal samples of IBD patients when compared to matched controls10,11. However, it 
remains unknown whether the dysbiosis is the cause or the consequence of the disease. In 
ileal CD patients, a decreased diversity and an increased abundance of mucosa-associated 
adherent invasive Escherichia coli (AIEC) were detected12-15. Additionally, microarray and 
metagenomic analysis of the microbiota in feces of IBD patients showed that the 
abundance of Firmicutes was decreased compared to healthy controls16. In particular, the 
diversity decreased in the Clostridium leptum group17,18. One of the dominant species of the 
C. leptum group in the gut is Faecalibacterium prausnitzii and may account for up to 25% of 
the total microbiota in the feces of healthy individuals. Multiple studies have shown that F. 
prausnitzii levels are decreased in CD patients 19-21. In addition to this,  patients with ileal CD 
also have decreased numbers of Clostridium cluster XIVa group bacteria, such as the genus 
Roseburia, decreased numbers of bifidobacteria and increased numbers of 
Enterobactericae and Ruminococcus gnavus 5,19-21. Moreover, recent studies described an 
increase in numbers of Bacteroidetes in the fecal and mucosal samples of IBD patients22,23, 
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Chapter 6 
although some Bacteroides species, such as B. vulgates and B. fragilis seem to 
decrease16,23,24. 
Intestinal epithelial cells provide a physical barrier between the luminal microbes and blood 
circulation. Epithelial cells produce a mucus layer and secrete antimicrobial proteins that 
limit their bacterial exposure9. This barrier is composed of epithelial cells and a mucosal 
immune system that samples the gut microbiota, produces IgA and is tolerant toward 
commensal microbiota. Increased mucosal permeability due to inflammation-inflicted 
epithelial damage and/or dysfunction of intercellular junctions may cause a leaky gut. This 
allows infiltration of bacteria into the intestinal tissues and blood circulation. The entrance 
of bacteria to the lamina propria that contains a complex population of immune cells, leads 
to activation of these cells and aggravates inflammation. In addition, increased permeability 
of the intestinal epithelial layer results in production of antibodies against invading 
microbes, several of which are serological markers for IBD, such as anti-Saccharomyces 
cerevisiae mannan antibodies (ASCA), E coli‘s outer membrane porin C (OmpC) antibodies 
and antibodies against subtypes of flagellins (CBir1) 25.  In light of this, IBD could be seen as 
a consequence of a deregulated adaptive immune response to the intestinal microbiota 
26,27. 
Mucosal IgG in IBD patients was shown to be directed against intestinal bacteria, such as E. 
coli, B. fragilis and Clostridium perfringens 28. Levels of IgG against gut bacteria are shown to 
be elevated in IBD patients. This also leads to increased IgG binding of commensal 
bacteria28,29. IBD patients with active disease have an increased percentage of IgA-, IgG- and 
IgM-labeled fecal anaerobic bacteria compared to controls28. Moreover, Harmsen et al. 12 
showed that, after incubation with autologous serum, much more fecal bacteria became 
coated with IgGs  when taken from CD patients compared to those from healthy controls. 
Considering the enhanced IgG immune response against intestinal bacteria in IBD patients, 
we aimed to determine to which bacteria this humoral immune response is directed. 
Therefore, following exposure to autologous serum, IgG-binding bacteria were sorted from 
stools of IBD patients using anti-IgG-coated magnetic beads and were analyzed by Flow 
cytometry30. The selected bacteria were categorized using next generation sequencing of 
the 16S rRNA genes.  
 
MATERIALS AND METHODS 

Patients and samples 
Frozen fecal and serum samples from 34 Crohn’s disease, 17 ulcerative colitis and 4 
unclassified IBD patients (in total 55) were obtained via the String of Pearls Institute. All 
patients included in the String of Pearls database had given informed consent. Patient 
information is described in Supplementary table 1.  
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IgG immune response in IBD patients 
Fecal sample preparation 
Fecal samples were diluted 50-fold by adding 0.25 g of fecal sample to 12.25 ml of filtered 
phosphate-buffered saline (PBS). Homogenized samples were centrifuged at 700 × g for 5 
min to remove large particles. The supernatant was stored in 1 ml aliquots at -20oC until 
further investigation.  

Magnetic-activated cell sorting   
From the 50x dilution, 1 ml was centrifuged at 16,000 g for 5 min. The bacterial pellet was 
dissolved in 1 ml PBS and centrifuged again. The bacterial pellet was subsequently 
resuspended in 100 μl autologous serum diluted 1:100 in PBS and incubated on ice for 30 
min. The suspension was added to 1 ml PBS/EDTA and centrifuged at 16,000 g for 5 min. 
The resulting bacterial pellet was resuspended in 500 μl Anti-Human IgG (Y-chain specific) – 
Biotin antibody (Sigma-Aldrich, Saint Louis, MO, USA), diluted 1:100 in PBS/EDTA and 
incubated on ice for 30 min. Opsonized bacteria were sorted using a MACS-kit (Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany). 1 ml PBS/EDTA was added to the suspension 
and the mixture was subsequently centrifuged at 16,000 g for 5 min. The bacterial pellet 
was suspended in 100 μl Streptavidin-coated magnetic beads, diluted 1:10 in PBS/EDTA and 
incubated on ice for 20 min. The suspension was washed in 1 ml PBS/EDTA and centrifuged 
at 16,000 g for 5 min. The bacterial pellet was subsequently suspended in 500 μl PBS/EDTA. 
MS Columns  were placed in the MACS Separator (magnetic plate) and were pre-rinsed with 
500 μl PBS/EDTA. 500 μl cell suspensions were applied onto a MS Column. The unlabeled 
cells were collected by washing the MS Columns 3 times with 500 μl PBS/EDTA. MS 
Columns were removed from the separator and were placed on the new collection tube. To 
collect the magnetically labeled cells, 1.06 ml PBS/EDTA was applied onto the MS Column 
and immediately flushed out. Obtained liquids were stored at -20oC for DNA extraction and 
flow cytometry analysis.  

Flow Cytometry (FC) 
The efficiency of the MACS procedure was controlled by FC. 50 μl of the magnetic bead-
labeled fraction was resuspended in 100 μl Anti-human IgG (y-chain specific)-FITC antibody 
(Sigma-Aldrich) diluted 1:100 in PBS and incubated on ice in the dark for 30 min. The 
suspension was washed with 1 ml PBS and centrifuged at 16,000 g for 5 min. The bacterial 
pellet was resuspended in 50 μl PBS and 10 μl propidium iodide (PI) (0.1 mg/ml) (Sigma-
Aldrich) was added. As a control, 1 ml of stool supernatant was incubated with autologous 
serum as described before, 50 μl of such a suspension was labeled with Anti-human IgG-
FITC as described above and an additional 50 μl was only incubated with PI. The samples 
were analyzed using the BD Accuri™ C6 flow cytometer (BD Biosciences, California USA). To 
check the PI-induced background signal, supernatant of three fecal samples with largest 
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fecal/bacterial pellet were washed with PBS and were measured by flow cytometry. The 
FL3-A signal above the threshold of these samples was measured in the analysis.  

DNA extraction 
DNA was extracted from the fecal sample using the QIAamp DNA stool mini kit (Qiagen, 
Germany) according to the manufacturer’s instruction, with an additional bead beating cell 
lysis step using a Precellys 24 homogenizer (Bertin Technologies, France) and glass beads at 
5.5 ms-1 in three rounds of 1 minute at room temperature.  

PCR amplification and Illumina sequencing 
The V3-V4 region of the 16S rRNA gene was amplified from the fecal DNA by polymerase 
chain reaction (PCR) using modified 341F and 806R primers31,32. Primers are listed in 
Supplementary table 2. Both primers contain an Illumina-MiSeq adapter sequence. In the 
subsequent sequencing of the PCR products this sequence is necessary for binding to the 
flow cell used in the MiSeq apparatus. The reverse primer contains an individual 6-bp index 
(barcode) allowing multiplexing. Multiplexing enabled large sample numbers to be 
simultaneously sequenced during a single experiment, because they can be differentiated 
in the data analysis based on this barcode. Reaction conditions consisted of an initial 94oC 
for 3 min followed by 32 cycles of 94oC for 45 sec, 50oC for 60 sec, and 72oC for 90 sec, and 
a final extension of 72oC for 10 min. Agarose gel electrophoresis  confirmed the presence of 
a DNA product of expected size (~465 bp). The remainder of the PCR product (~45 μl) of 
each sample was mixed thoroughly with 25 μl Agencourt AMPure XP magnetic beads and 
were incubated at room temperature for 5 minutes. Beads were subsequently separated 
from the solution by placing the tubes in a magnetic bead separator for 2 minutes. After 
discarding the cleared solution the beads were washed twice by re-suspending the beads in 
200 μl freshly prepared 80% ethanol, incubating the tubes for 30 sec in the magnetic bead 
separator and subsequently discarding the cleared solution. The pellet was subsequently 
dried and re-suspended in 52.5 μl 10 mM Tris HCl pH 8.5. 50 μl of the cleared solution was 
subsequently transferred to a new tube. The DNA concentration of each sample was 
determined using a Qubit® 2.0 fluorometer and the remaining of the sample was stored at -
20 until library normalization. Library normalization was performed the day before running 
samples on the MiSeq by making 2 nM dilutions of each sample. Samples were pooled by 
combining 5 μl of each diluted sample. 10 μl of the sample pool and 10 μl 0.2 M NaOH were 
subsequently combined and incubated for 5 minutes to denature the sample DNA. Next, 
980 μl of the HT1 buffer from the MiSeq 2x300 kit was added. As internal control for 
nucleotide balances, a denatured diluted PhiX solution was made by combining 2 μl of a 10 
nM PhiX library with 3 μl 10 mM Tris HCl pH 8.5 with 0.1% Tween 20  according to the 
manufacturer’s protocol (Illumina, San Diego, Ca, US). These 5 μl were mixed with 5 μl 0.2 
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M NaOH and incubated for 5 minutes at room temperature. These 10 μl samples were 
subsequently mixed with 990 μl HT1 buffer. 150 μl of the diluted sample pool was 
combined with 50 μl of the diluted PhiX solution and was further diluted by adding 800 μl 
HT1 buffer. 600 μl of the prepared library was loaded into the sample loading reservoir of 
the MiSeq 2x300 cartridge.   

MiSeq sequencing pipeline and statistical analysis 
The Miseq software assigned all the sequences to individual samples according to sample-
specific barcodes. These FASTQ files with Illumina paired-end reads were assembled by 
PANDAseq. This program identifies the optimal overlap of each set of paired end reads and 
it reconstructs the complete sequence with correction of errors. The quality threshold was 
set at 0.9 33. Statistical analyses were performed on the family, genus and species level. 
QIIME34 identified sequences down to the family and genus level and was used to performe 
weighted alpha-diversity analyses while ARB35,36 was used to identify sequences down to 
the species level. Principal component analysis (PCA) was performed to find clusters of 
similar groups of samples or species. PCA is an ordination method based on multivariate 
statistical analysis that maps the samples into a reduced number of relevant dimensions of 
variability. The hierarchical clustering analysis was performed with the Hierarchical 
Clustering Explorer 3.5. The Simpson index was used as a measure of microbial diversity. 
Non-parametric tests were used, as microbial abundances are rarely normally distributed. 
Mann-Whitney U, Spearman or Wilcoxon tests were used as indicated. The use of ± 
indicates that a standard deviation is given. All tests were two-tailed and a p < 0.05 was 
considered to indicate statistical significance. All statistical analyses were performed using 
IBM® SPSS® Statistics 20.0. Bacterial genera with a mean abundance <0.01% were excluded 
from the statistical analysis. “Input sample” refers to the fecal microbiota of the original 
sample and "IgG sorted sample” stands for the IgG binding microbiota, selected by MACS. 

RESULTS 
16S rRNA cataloguing of the fecal input samples showed that the most abundant bacterial 
groups in non-serum treated fecal sample were Lachnospiraceae (40.2%), Ruminococcaeae 
(13.8%) and Bifidobacteriaceae (6.7%). Surprisingly, also many small intestinal bacteria 
were encountered (collectively 18.7%). The Bacteroides percentages were, however, lower 
than expected (0.8%). The reason for the relatively low prevalence of this normally 
abundant genus in these patients is unknown, yet the abundances of Bacteroides were of 
similar magnitude in the non-serum treated and serum incubated samples. 

Differences between serum incubated IgG MACS sorted samples and the original serum 
incubated fecal samples 
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Anti-IgG-based flow cytometry of the fecal samples revealed that between 13 to 77% 
(average 38%) of the bacteria in the fecal samples showed IgG binding after incubation with 
autologous serum. Anti-IgG-based MACS sorting enriched IgG binding bacteria (range 21-
75%, average 45%) in 46 out of the 55 samples (Supplementary table 3). In 21 cases, anti-
IgG-mediated enrichments between 10% and 25% were obtained, while an additional 21 
cases revealed an enrichment of 1% to 10%. In 13 cases, MACS sorting did not further 
enriche IgG-binding bacteria. These 13 cases showed an equal or even slightly reduced 
number of IgG binding bacteria after the MACS procedure (Figure 1). 

 

 

 

 

 

 

 

 

 

 

Figure 1: Flow cytometry results after serum incubation and 
after IgG MACS sorting. Differences in percentages of serum 
incubated and IgG sorted samples. Plot shows an up to 2.6-fold 
increase in the relative number of IgG-bound bacteria after IgG 
sorting. 

 

Bacterial diversity of the IgG sorted fraction 

IgG sorted samples mainly included Lactobacillaceae, Veillonellaceae, Proteobacteria, 
Streptococcaceae and certain Lachnospiraceae family members, such as Dorea, 
Coprococcus or R. gnavus. Supplementary table 4 shows a list of bacterial strains with a 
mean abundance more than 0.25% and their increase or decrease in IgG sorted samples 
(paired analysis). Figure 2 shows a flow chart that summarizes the main findings from 
Supplementary table 4, which shows that IgG-sorted samples contain increased numbers of 

96



 
IgG immune response in IBD patients 
Streptococcus (P=1 x 10-39 Wilcoxon test), Coprococcus, Dorea and Lactobacillus, with a 
coinciding decrease in Blautia, Ruminococcaceae and Faecalibacterium. 

 

 

 

 

 

 

 

Figure 2: Flow chart of the IgG-based 
MACS sorting procedure of particular 
microbial groups. Small intestinal 
bacteria, Enterobacteriaceae and 
certain Lachnospiraceae genera were 
increased in IgG-sorted samples, while 
in contrast butyrate-producing bacterial 
groups in particular (Faecalibacterium 
and Roseburia) were reduced.  

Principle component analysis (PCA) at the genus level revealed various correlations with the 
fecal non-serum incubated samples and the IgG-sorted samples.  
The first principal component (PC1), describes 42.7% of the variation in the data and using a 
Spearman’s rho test, is positively correlated with typical members of the large intestinal 
microbiota, namely Lachnospiraceae (P = 7 × 10-6), Ruminococcaceae (P = 0.0003) and 
Bacteroides (P =0.0006). PC1 is inversely correlated with Enterococcaceae (P = 0.003) and 
various Proteobacteria (P =0.0005), including Enterobacteriaceae (P = 0.007) (Figure 3A). 
PC2 describes 12.9% of the variation in the data and is of greater interest as it is strongly 
positively correlated with IgG-sorted samples (P=1 x 10-7), typical small intestinal bacteria, 
such as Streptococcus (P=3 x 10-42), Lactobacillus (P = 5 x 10-5), Enterococcus (P = 3 x 10-8) 
and Veillonella (P = 2 x 10-7) (Figure 4). In addition, PC2 was also positively correlated with 
samples of patients with ileostomy/pouch (P<0.001) as the microbiota of these patients 
contains small intestinal bacteria. PC2 was, on the other hand, strongly negatively 
correlated with the (combined) abundance of Lachnospiraceae and Ruminococcaceae 
(Figure 4). The main correlations of PC1 and PC2 are depicted as vectors in Figure 3B. The 
analysis of PC1 and PC2 depicted in Figure 3 and 4 shows that IgG-sorted samples mostly 
contained typical small-intestinal microbiota and had reduced numbers of the typical large-
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intestinal microbiota. Figure 4-A clearly shows a positive shift in PC2 for nearly all paired 
samples after IgG sorting. 

Figure 3A: PCA plot of unpaired analysis of PC1 and PC2. PC2 shows a positive correlation with IgG-sorted samples, 
Streptococcus, Lactobacillus, Enterococcaceae (Enterococcus), Veillonella and Proteobacteria, including 
Enterobacteriaceae and an inverse correlation with Lachnospiraceae, Ruminococcaceae and Bacteroides. PC1 
shows a positive correlation with Lachnospiraceae, Ruminococcaceae and Bacteroides and an inversely correlation 
with Proteobacteria, including Enterobacteriaceae and Enterococcaceae. IgG-sorted samples are generally located 
higher on PC2 than non-serum incubated samples (P = 0.01, Spearman’s rho test).  In panel B, the main 
correlations with PC1 and PC2 are depicted with vectors. 

PC3 describes 5.9% of the variation in the data and is positively correlated with 
Faecalibacterium, Roseburia, Bacteroides and Ruminococcaceae (Figure 5). PC3 is inversely 
correlated with IgG-sorted samples (Wilcoxon P= 1 x 10-6), R. gnavus (from Clostridium 
cluster XIVa), Coprococcus, Dorea and Proteobacteria, including Enterobacteriaceae (Figure 
5). The analysis of PC3 is depicted in Figure 5 and shows another important selection 
pattern, namely that Faecalibacterium and Roseburia are virtually lacking in IgG-sorted 
samples, while Proteobacteria, R. gnavus and Dorea, on the other hand, were IgG-sorted. 
UC patients had more F. prausnitzii than CD patients in the non-serum treated samples, the 
direction of the shift in the microbiota composition in IgG-sorted samples is similar in both 
disease types. 
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Figure 4: PCA plot of paired analysis of PC2 (Panel A). IgG sorted samples nearly always score higher on PC2 than 
their corresponding non-serum treated samples (Wilcoxon test P = 1 x 10-7). The black circles represent patients 
without ileostomy/pouch, while the white circles are from patients with Ilesotomy/pouch. This later group has a 
lower upward shift on PC2 than other patients (P = 0.009, MW-U test). The microbial groups that correlate with 
PC2 are listed in Panel B. > indicates family and genus level analysis; >> indicates species level analysis.  

 

Figure 5: PCA plot of paired analysis of PC2 (Panel A). IgG-sorted samples nearly always score lower on PC3 than 
their corresponding non-serum treated samples (P = 2 x 10-7, Wilcoxon test). The microbial groups that correlate 
with PC3 are listed in Panel B. 
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Effect of mesalazine on bacterial composition of IBD patients 
The correlation analysis between microbial composition of input samples and the used 
medication showed that IBD patients who receive mesalazine almost complete lacked 
Enterobacteriacaeae and Fusobacteriaceae in the feces (Figure 6A). Conversely, these 
pathosymbionts were usually abundantly present (up to 40%) in fecal samples from 
patients that did not receive mesalazine therapy. The abundance of bifidobacteria is, in 
contrast, higher in mesalazine-treated patients (Figure 6B). 

 Figure 6-A shows that patients who did not receive mesalazine were prone to have a high abundance of 
Enterobacteriaceae and/or Fusobacteriaceae in their non-serum treated fecal samples, while patients who 
received mesalazine represented a maximum of 2% of these bacterial groups in the total fecal bacterial pool 
(p=0.006). Figure 6-B, shows that patients who receive mesalazine also had higher percentages of 
Bifidobacteriaceae in their fecal sample compared to the patient without mesalazine in the treatment (p=0.011) 
(Mann Whitney U test). 

DISCUSSION 
In the present study, we investigated the IgG immune response against fecal microbiota of 
IBD patients. Our results showed significant differences in the composition of the IgG-
binding microbiota compared to the original non-serum treated sample. Principal 
component analysis showed that IgG-sorted samples scored higher on PC2 and lower on 
PC3. Typical small intestinal bacteria, like Streptococcus, Lactobacillus, 
Enterococcus and Veillonella, were positively correlated with PC2, while the dominant large 
intestinal microbial groups, Ruminococcaceae and Lachnospiraceae, were negatively 
correlated with PC2. This shows that the IgG immune response seems to be preferentially 
directed towards small intestinal bacteria. PC3 mainly distinguishes between the different 
large intestinal bacteria. PC3 is positively correlated with the important butyrate-producing 
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groups F. prausnitzii and Roseburia, but negatively with certain other Lachnospiraceae 
groups, Dorea and R. gnavus, and interestingly also negatively with 
Proteobacteria/Enterobacteriaceae. This indicates that there is very little IgG immune 
response directed towards (the beneficial and anti-inflammatory) F. 
prausnitzii and Roseburia,  but mostly directed towards inflammation-associated bacteria, 
such as R. gnavus and Enterobacteriaceae. Pairwise, non-serum treated samples and IgG-
sorted samples from both CD and UC patients were negatively correlated with PC3, which 
means that there were no significant differences in IgG binding between patients with CD 
and UC and that the IgG response seems to be directed towards the same bacteria in both 
diseases.  
IBD patients have increased abundance of Enterobacteriaceae, including E. coli, and R. 
gnavus and lower numbers of Faecalibacterium, Roseburia and Bifidobacterium in their 
feces 19. In our study, Enterobacteriaceae and Cluster XIVa related ruminococci were 
significantly IgG enriched by MACS and Faecalibacterium and Roseburia were not. This may 
indicate that IBD related abundant bacterial strains are more immunogenic.  
The IgG binding of the family Enterobacteriaceae could be explained by the fact that these 
bacteria contain flagella37,38, a known antigen to which IgG is reactive. This family includes a 
variety of known pathogens, such as Escherichia, Salmonella, Shigella and Yersinia. 
Previously, it has been shown in a mouse model that Enterobacteriaceae take advantage of 
inflammation to obtain more electron acceptors for respiration and thereby increase their 
colonization levels39. Previously, we showed that the main member of Enterobacteriaceae, 
e.g. E. coli, bound IgG in a strain-specific way and that there was more IgG binding after 
incubation with autologous patient serum compared to serum of other patients or healthy 
volunteers12.  
Clostridium cluster XIVa of the family Lachnospiraceae that were IgG sorted in our 
experiment have been shown to have flagella40. The IgG coated Ruminococcus in our 
experiment are most likely R. gnavus, which has pathogenic properties and has been 
reported to produce a bacteriocin41. Crossing the gut mucosal barrier, in particular the 
mucus layer, could be flagellum-dependent and in combination with defects in epithelial 
barrier of the gut wall, flagellated bacteria are probably more exposed to the immune cells. 
Using serologic expression cloning, microbiota flagellins have been identified as antigens. In 
mice colitis models,  elevated serum anti-flagellin IgG2a were detected against multiple 
flagellated bacterial strains 38. Serum IgG to these flagellins (CBir1 and Fla-X) was elevated 
in patients with Crohn’s disease, but not in patients with ulcerative colitis 42. Sero-reactivity 
to the microbial components Anti-OmpC and anti-I2, as well as anti-Saccharomyces 
cerevisiae antibodies (ASCA), are associated with severe CD, characterized by small bowel 
involvement, frequent remissions, longer disease duration and greater need for surgery43. 
Serum responses to CBir1 are associated independently with complicated Crohn’s disease44. 
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Cultured flagellated bacteria mostly appeared to be members of the family 
Lachnospiraceae40. The seroreactivity of CD patients was directed towards multiple 
flagellins and was not specific to the flagellin of a single microbe. The serum IgG was highly 
selective for these bacterial flagellins and did not bind to the many other potential antigens 
of these bacteria. The innate immune response to bacterial flagellin is mediated by Toll-like 
receptor 5 (TLR5), resulting in the induction of pro-inflammatory gene expression45. The 
TLR5 polymorphism referred to as TLR5-stop, is believed to interfere with the activation of 
nuclear factor κB in response to flagellin. TLR5-stop in healthy subjects reduces adaptive 
immune response to flagellin. These individuals had significantly lower levels of flagellin-
specific IgG and IgA46. Other bacteria of the family Lachnospiraceae, Roseburia and Blautia, 
were not enriched after IgG sorting in our study. 
Surprisingly, the observed IgG immune response was preferentially directed against typical 
small intestine microbiota. The role of Lactobacillaceae and Veillonella in IBD is not clearly 
known yet. Fyderek et al.47 reported a predominance of streptococci in biopsies of inflamed 
mucosa of CD patients and a predominance of Lactobacilli in inflamed sites of UC patients. 
They also showed that the biopsies of IBD patients show a smaller mucus layer compared to 
healthy controls. Streptococcus and Lactobacillus might migrate towards the inflamed 
mucosa, which can result in higher exposure of these bacteria to the immune system 
resulting into an increased IgG response against them. 
Roseburia and Faecalibacterium, which were not bound by IgG, are potentially beneficial 
butyrate producers48. Part of this positive role could be due to butyrate that is an energy 
source for epithelial cells and promotes the development and maintenance of the intestinal 
barrier49,50. The oxygen sensitivity of these bacteria would result in their inability of crossing 
the epithelial barrier and therefore limit their exposure to the immune system.  
The IgG response seems not be directed against Bacteroides. Considering that Bacteroides 
is normally one of the most dominant species in fecal samples6 the abundance found in our 
study (<1%) greatly underestimates its actual predominance within the gut and could be 
due to the used primers that might not amplify Bacteroides adequately. Moreover, 
differences in samples storage conditions and DNA extraction protocols may lead to such a 
decreased abundance 51. 
Samples of patients with ileostomy/pouch (7 patients) are positively correlated with PC2. 
Non-serum incubated samples of these patients were very similar to the serum incubated 
and IgG-sorted ones. This is probably explained by the fact that patients with an 
ileostomy/pouch will have small bowel microbiota in their feces.  
With the FC analysis, we did not obtain an enrichment after IgG binding for all the samples. 
Also, the relative enrichment was not as high  as compared to promising numbers in the 
report of Miltenyi et al.30 One reason for the limited enrichment may be that anti-IgG-FITC 
labeling is less efficient when the bacteria are already treated by anti-IgG-biotin and thus 
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leads to an underestimation of the enrichment by the anti-IgG-biotin>><<streptavidin-
magnetic beads. The fact that a clear different microbiome profile was obtained in non-
treated samples and IgG-sorted samples in cases where no enrichment was observed, 
suggests that a positive selection had occurred.  
The numbers of F. prausnitzii in this study were lower than reported in healthy individuals, 
especially in CD patients, which is in line with current knowledge12,52. Interestingly, 
treatment with mesalazine increased the number of bifidobacteria and F. prausnitzii (to 
some degree) and decreased the E. coli numbers. Mesalazine may lower the pH and 
therefore facilitates the environment for bifidobacteria and serve as an antioxidant and in 
this way mesalazine could help the extremely oxygen-sensitive F. prausnitzii by reducing the 
oxygen stress in gut. 
Our findings indicate that there are specific bacteria in IBD patients that bind IgG. This IgG 
immune response seems to be directed against typical small intestine microbiota, such as 
Streptococcus, Lactobacillus, Enterococcus, Veillonella, Proteobacteria, including the family 
Enterobacteriaceae and Clostridium cluster XIVa group bacteria, such as Ruminococcus, 
Coprococcus and Dorea. The IgG immune response seems not to be directed against typical 
large intestine microbiota; Lachnospiraceae, including Roseburia and Blautia, 
Ruminococcaceae, including Faecalibacterium, and Bacteroides. There was no significant 
difference observed in IgG-sorted bacteria between patients with CD and UC. Several 
pathosymbionts are enriched in this IgG-sorted fraction, however, there are many IgG-
bound bacteria that do not seem to play a role in the pathogenesis of IBD. Characterization 
of the antigens involved in the IgG immune response towards these specific bacteria may 
contribute to unravelling the host-microbiome interaction in  IBD.  
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Supplementary Table 1: Patient information 

 

N 55 
Sex ratio (male/female) 22/33 
Mean age (yr) (range) 44 (20-64) 
No. active/remission 13/42 
Crohn’s disease 34 
Montreal Class A (<16 jr/ 17-40 jr/ >40 jr) 4/27/22 
Montreal Class B (term ileum/colon/ileocolon) 11/21/11 
Montreal Class C  
(nonstricturing and nonpenetrating/stricturing/penetrating/peri-anal) 

37/7/4/3 

Harvey Bradshaw index < 5 23 
Ulcerative colitis 17 
Montreal Class E (ulcerative proctitis/left distal UC/pancolitic UC) 3/4/10 
Montreal Class S (remission/mild/moderate/severe) 4/4/3/5 
Simple Clinical Colitis Activity Index (SCCAI) < 5 15 
IBD unclassified 4 
Ileostomy/pouch 7 
Medication (No. of patients receiving)  
Mesalazine 16 
Mesalazine local 1 
Corticosteroids 8 
Corticosteroids local 0 
Mesalazine +  Steroids local 3 
Immunosuppressive 26 
Anti-TNF 14 
Anti-diarrhea 7 
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Supplementary Table 2: Primers and barcodes used in this study (Eurogentec, the 
Netherlands) 

V3F  aatgatacggcgaccaccgagatct  acactctttccctacacgacgctcttccgatct NNNNCCTACGGGAGGCAGCAG 

V4R 1 caagcagaagacggcatacgagat ATCACG gtgactggagttcagacgtgtgctcttccgatct GGACTACHVGGGTWTCTAAT 
V4R 2 ,, CGATGT ,,                          ,, 
V4R 3 ,, TTAGGC ,,                          ,, 
V4R 4 ,, TGACCA ,,                          ,, 
V4R 5 ,, ACAGTG ,,                          ,, 
V4R 6 ,, GCCAAT ,,                          ,, 
V4R 7 ,, CAGATC ,,                          ,, 
V4R 8 ,, ACTTGA ,,                          ,, 
V4R 9 ,, GATCAG ,,                          ,, 
V4R 10 ,, TAGCTT ,,                          ,, 
V4R 11 ,, GGCTAC ,,                          ,, 
V4R 12 ,, CTTGTA ,,                          ,, 
V4R 13 ,, AGTACG ,,                          ,, 
V4R 14 ,, TCAGTC ,,                          ,, 
V4R 15 ,, TTGAGC ,,                          ,, 
V4R 16 ,, AAGCGA ,,                          ,, 
V4R 18 ,, GGTTGT ,,                          ,, 
V4R 19 ,, TGAGGT ,,                          ,, 
V4R 20 ,, TACCGT ,,                          ,, 
V4R 21 ,, CCAACT ,,                          ,, 
V4R 22 ,, AGAGAG ,,                          ,, 
V4R 23 ,, CACTTG ,,                          ,, 
V4R 24 ,, TCAAGG ,,                          ,, 
V4R 25 ,, AGTGGT ,,                          ,, 
V4R 26 ,, GACACT ,,                          ,, 
V4R 27 ,, CCTTCT ,,                          ,, 
V4R 28 ,, GGATAA ,,                          ,, 
V4R 29 ,, CCTTAA ,,                          ,, 
V4R 30 ,, CAAGAA ,,                          ,, 
V4R 31 ,, GTTGAA ,,                          ,, 
V4R 32 ,, TCACAA ,,                          ,, 
V4R 33 ,, AGTCAA ,,                          ,, 
V4R 34 ,, CGAATA ,,                          ,, 
V4R 35 ,, GCTATA ,,                          ,, 
V4R 36 ,, GAGTTA ,,                          ,, 
V4R 37 ,, TTGGTA ,,                          ,, 
V4R 38 ,, AACGTA ,,                          ,, 
V4R 39 ,, GTACTA ,,                          ,, 
V4R 40 ,, CATCTA ,,                          ,, 
V4R 41 ,, TGTAGA ,,                          ,, 
V4R 42 ,, ATCAGA ,,                          ,, 
V4R 43 ,, ACATGA ,,                          ,, 
V4R 44 ,, TAGACA ,,                          ,, 
V4R 45 ,, GAGAAT ,,                          ,, 
V4R 47 ,, AGGTAT ,,                          ,, 
V4R 48 ,, TTGCAT ,,                          ,, 
V4R 49 ,, TGGATT ,,                          ,, 
V4R 50 ,, ACCATT ,,                          ,, 
V4R 51 ,, CTAGTT ,,                          ,, 
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V4R 53 ,, TCTCTT ,,                          ,, 
V4R 54 ,, GTAAGT ,,                          ,, 
V4R 55 ,, CAATGT ,,                          ,, 
V4R 57 ,, ATGACT ,,                          ,, 
V4R 58 ,, ACTTCT ,,                          ,, 
V4R 59 ,, CATAAG ,,                          ,, 
V4R 60 ,, TTCTAG ,,                          ,, 
V4R 61 ,, AAGATG ,,                          ,, 
V4R 62 ,, TATGTG ,,                          ,, 
V4R 63 ,, AATTGG ,,                          ,, 
V4R 64 ,, TAATCG ,,                          ,, 
V4R 65 ,, ACTAAC ,,                          ,, 
V4R 66 ,, TGTTAC ,,                          ,, 
V4R 67 ,, ATACAC ,,                          ,, 
V4R 68 ,, CTTATC ,,                          ,, 
V4R 69 ,, AGATTC ,,                          ,, 
V4R 71 ,, TGCGAA ,,                          ,, 
V4R 73 ,, CTGTCA ,,                          ,, 
V4R 74 ,, GCAGAT ,,                          ,, 
V4R 75 ,, TCGTGT ,,                          ,, 
V4R 76 ,, GAACCT ,,                          ,, 
V4R 77 ,, GTCATG ,,                          ,, 
V4R 78 ,, GATAGC ,,                          ,, 
V4R 79 ,, AAGTCC ,,                          ,, 
V4R 80 ,, ATTGCC ,,                          ,, 
V4R 81 ,, CCGAGA ,,                          ,, 
V4R 82 ,, CGCTGA ,,                          ,, 
V4R 83 ,, GGCACA ,,                          ,, 
V4R 84 ,, CGTGCA ,,                          ,, 
V4R 85 ,, GGCCTT ,,                          ,, 
V4R 86 ,, CCTGGT ,,                          ,, 
V4R 87 ,, CAGGCT ,,                          ,, 
V4R 88 ,, GTCGCT ,,                          ,, 
      

Primers and barcodes used in this study are partly cited from Bartram et al.; Generation of multi-million 16S rRNA 
gene libraries from complex microbial communities by assembling paired-end Illumina reads. Lowercase letters 
denote adapter sequences necessary for binding to the flow cell, underlined lowercase are binding sites for the 
Illumina sequencing primers, bold uppercase highlight the index sequences (all the indexes were obtained from 
Illumina) and regular uppercase are the V3 region forward primer 341F and the V4 region reverse primers  806R. 
The inclusion of four maximally degenerated bases (“NNNN”) maximizes diversity during the first four bases of the 
run. Diversity is important for identifying unique clusters and base-calling accuracy.  

 

Supplementary Table 3: Flow cytometry results after MACS enrichment showing 
percentages of enrichment of FITC-labeled bacteria after MACS procedure 

Patient No. % Before MACS % After MACS % of Enrichment 
1 54 75 21 
2 13 30 17 
3 26 36 11 
4 24 45 21 
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5 48 50 2 
6 16 41 25 
7 53 56 3 
8 26 33 8 
10 25 48 24 
11 22 33 11 
12 38 40 2 
13 51 55 4 
14 18 26 7 
15 55 56 1 
16 17 43 25 
17 29 41 12 
18 24 21 -2 
19 47 43 -4 
20 21 33 12 
21 36 48 12 
22 41 49 9 
23 45 58 13 
25 56 60 4 
26 22 29 7 
27 15 25 10 
28 16 36 20 
29 33 51 18 
30 47 50 3 
31 65 54 -11 
32 26 27 1 
33 61 63 2 
34 38 58 20 
35 55 59 5 
36 67 74 7 
37 50 51 1 
38 48 34 -14 
39 35 40 4 
40 20 33 13 
41 59 72 13 
42 52 53 1 
43 26 26 0 
44 47 43 -4 
46 77 70 -7 
47 53 54 0 
48 46 36 -9 
49 40 37 -4 
50 45 48 3 
51 36 34 -2 
52 41 66 24 
53 49 73 24 
55 23 37 14 
56 34 43 9 
57 39 29 -10 
58 22 35 13 
59 22 23 1 
Average 38 45 7 
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Supplementary Table 4: Paired analysis; list of bacteria with a mean abundance > 0.25 after 
MACS procedure  
Genus Family Average  in 

total samples 
Increase↑  
Decrease↓ 

P 
value 

Streptococcus Streptococcaceae 12.13 ↑ 4.79 <0.001 

Blautia Lachnospiraceae 11.68 ↓ 3.19 0.003 

Coprococcus Lachnospiraceae 7.57 ↑ 4.26 <0.001 

Ruminococcus gnavis-like Lachnospiraceae  7.51 ↑ 0.80 0.035 

Bifidobacterium Bifidobacteraceae 6.68 ↓ 1.96 0.091 

Faecalibacterium  Ruminococcaceae 8.8 ↓ 3.4 <0.001 

Dorea Lachnospiraceae  4.77 ↑ 2.97 <0.001 

Ruminococcus lactaris-like Lachnospiraceae 3.27 ↓ 1.23 <0.001 

Ruminococcus bromii-like Ruminococcaceae 3.02 ↓ 2.03 <0.001 

Roseburia Lachnospiraceae 2.88 ↓ 2.81 <0.001 

Clostridium clostridioforme-like Lachnospiraceae 2.55 ↓ 0.53 ns 

Lactobacillus Lactobacillaceae 2.19 ↑ 0.39 <0.001 

E. coli-like      Enterobacteriaceae 2.04 ↓ 0.68 0.003 

Dialister Veillonellaceae 2.03 ↑ 1.16 <0.001 

Eubacterium    Erysipelotrichaceae 1.57 ↓ 0.01 0.015 

Eubacterium desmolans-like              Ruminococcaceae 1.50 ↑ 0.75 0.002 

Clostridium ramosum-like Erysipelotrichaceae 1.42 ↓ 0.78 0.016 

Clostridium  (other) Clostridiaceae 1.26 ↑ 0.54 ns 

Clostridium bartlettii-like (XI) Clostridiaceae 1.00 ↑ 0.98 <0.001 

Enterococcus  Enterococcaceae 0.97 ↑ 0.54 ns 

Collinsella Coriobacteriaceae 0.61 ↓ 0.05 ns 

Akkermansia Verrucomicrobiaceae 0.59 ↓ 0.21 ns 

Bacteroides Bacteroidaceae 0.83 ↓ 0.54 <0.001 

Lactococcus Streptococcaceae 0.49 ↑ 0.08 <0.001 

Fusobacterium Fusobacteriaceae 0.48 ↓ 0.16 ns 

Oscillospira Ruminococcaceae 0.47 ↑ 0.05 ns 

Veillonella Veillonellaceae 0.44 ↓ 0.07 0.003 

Megasphaera Veillonellaceae 0.43 ↑ 0.22 ns 

Turicibacter Turicibacteraceae 0.40 ↑ 0.30 <0.001 
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