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ABSTRACT
Objective Colorectal cancer (CRC) is the third most 
diagnosed cancer, and requires surgical resection and 
reconnection, or anastomosis, of the remaining bowel to 
re- establish intestinal continuity. Anastomotic leak (AL) is 
a major complication that increases mortality and cancer 
recurrence. Our objective is to assess the causal role of 
gut microbiota in anastomotic healing.
Design The causal role of gut microbiota was assessed 
in a murine AL model receiving faecal microbiota 
transplantation (FMT) from patients with CRC collected 
before surgery and who later developed or not, AL. 
Anastomotic healing and gut barrier integrity were 
assessed after surgery. Bacterial candidates implicated 
in anastomotic healing were identified using 16S rRNA 
gene sequencing and were isolated from faecal samples 
to be tested both in vitro and in vivo.
Results Mice receiving FMT from patients that 
developed AL displayed poor anastomotic healing. 
Profiling of gut microbiota of patients and mice after 
FMT revealed correlations between healing parameters 
and the relative abundance of Alistipes onderdonkii 
and Parabacteroides goldsteinii. Oral supplementation 
with A. onderdonkii resulted in a higher rate of leaks in 
mice, while gavage with P. goldsteinii improved healing 
by exerting an anti- inflammatory effect. Patients with 
AL and mice receiving FMT from AL patients presented 
upregulation of mucosal MIP- 1α, MIP- 2, MCP- 1 
and IL- 17A/F before surgery. Retrospective analysis 
revealed that patients with AL present higher circulating 
neutrophil and monocyte counts before surgery.
Conclusion Gut microbiota plays an important role in 
surgical colonic healing in patients with CRC. The impact 
of these findings may extend to a vast array of invasive 
gastrointestinal procedures.

INTRODUCTION
Colorectal cancer (CRC) is the third most diagnosed 
cancer and third- leading cause of cancer- related 
deaths.1 Most patients with CRC require a surgical 

resection of the colon or rectum, which is followed 
by a reconnection, or anastomosis, of the remaining 
bowel ends to re- establish gastrointestinal conti-
nuity. Poor anastomotic healing may lead to leakage 
of the intestinal content into the abdominal cavity, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Gut microbiota is hypothesised to play a role in 
the pathophysiology of anastomotic leak (AL).

 ⇒ The relation between gut microbiota and 
anastomotic healing is mainly based on 
correlational associations.

WHAT THIS STUDY ADDS
 ⇒ This is the first solid demonstration of a causal 
role of preoperative gut microbiota in the 
pathogenesis of AL in patients with colorectal 
cancer (CRC).

 ⇒ Gut microbiota influences local wound 
inflammation and subsequent repair by modulating 
the basal levels of mucosal cytokines.

 ⇒ Parabacteroides goldsteinii exerts locally an anti- 
inflammatory effect and improves the restoration 
of the gut barrier and wound healing.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Low- grade, subclinical intestinal inflammation 
may be assessed before surgery using sensitive 
inflammatory markers to identify patients at 
risk of developing AL.

 ⇒ P. goldsteinii represents a potential probiotic 
that may be assessed in early- phase clinical 
studies to improve postoperative recovery in 
patients with CRC at risk of developing AL.

 ⇒ These findings may be relevant to other invasive 
gastrointestinal procedures where targeting 
gut microbiota could present new treatment 
approaches.

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

http://www.bsg.org.uk/
http://gut.bmj.com/
http://orcid.org/0000-0002-3768-3402
http://orcid.org/0000-0002-2434-3249
http://orcid.org/0000-0003-3497-0585
http://dx.doi.org/10.1136/gutjnl-2022-328389
http://dx.doi.org/10.1136/gutjnl-2022-328389
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2022-328389&domain=pdf&date_stamp=2022-11-30
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/


2 Hajjar R, et al. Gut 2022;0:1–12. doi:10.1136/gutjnl-2022-328389

Gut microbiota

a major complication termed ‘anastomotic leak’ (AL). AL, which 
may occur in up to 30% of patients, leads to increased morbidity 
and mortality after surgery, delays in postoperative oncolog-
ical care and longer hospital stay.2 In addition, compelling data 
indicate that poor surgical recovery and AL are associated with 
increased risk of local3 and distant4 CRC recurrence. Recurrence 
of the cancer occurs in up to 30% of patients with stages I–III 
disease and up to 65% of those with stage IV disease.5 The leakage 
of intestinal content through a poorly restored gut barrier after 
surgery leads to severe sepsis and systemic inflammation, which 
are believed to promote the dissemination and invasiveness of 
residual cancer cells.6 Improving anastomotic healing to prevent 
AL in CRC surgery, therefore, represents a major goal to avoid 
complications and improve cancer outcomes.

After completion of the colorectal anastomosis, tissue repair 
begins immediately. It involves the production of a fibrin/
fibronectin matrix that temporarily seals and connects the two 
bowel ends, an inflammatory stage and a remodelling phase, 
during which the new epithelium is developed and the final scar 
tissue is formed.7 Normal epithelial growth and development is 
influenced by gut microbiota,8–10 a collection of microbes, mainly 
bacteria, that inhabit the gastrointestinal tract and with highest 
density in the colon.11 Gut microbiota may be involved in the 
process of bowel repair after surgery by modulating fibrosis12 
and the inflammatory phase.13

In this study, we investigated the causative role of gut micro-
biota in the pathogenesis of AL in patients with CRC.

RESULTS
Gut microbiota influence surgical outcomes in mice
To assess the potential role of gut microbiota in anastomotic 
healing, we first depleted gut microbiota in specific pathogen- 
free (SPF) wild- type mice by administering a broad- spectrum 

antibiotic regimen in drinking water (figure 1A–C). Mice were 
then subjected to colonic surgery using a previously validated 
model of poor anastomotic healing (online supplemental figure 
1).14 At postoperative day (POD) 6, mice with depleted gut micro-
biota displayed improved macroscopic healing of the colonic 
anastomosis (figure 1A) and a higher concentration of extra-
cellular matrix (ECM) components in the wound (figure 1B,C), 
specifically hydroxyproline and fibronectin as indicators of 
collagen content and anastomotic consistency, respectively.

The myeloid differentiation factor 88 (MyD88) signalling 
pathway plays a fundamental role in the crosstalk that occurs 
between the intestine and its resident microbiota.15 To further 
substantiate a role for gut microbiota in AL, we assessed colonic 
surgical healing in mice lacking MyD88 (figure 1D–F). When 
subjected to surgery, MyD88-/- mice displayed enhanced anasto-
motic healing and collagenisation of the wound than wild- type 
(WT) mice (figure 1D,E), and lower bacterial translocation to 
the spleen (figure 1F), as measured by colony- forming units, 
further highlighting the fundamental role of gut microbiota in 
surgical healing of the colon.

To further establish the causal relationship between gut micro-
biota and anastomotic healing in CRC surgery, stool samples of 
77 patients were collected before surgery. Of those, nine patients 
later experienced AL and were matched for age, sex and tumour 
location with nine patients who did not experience AL (non- AL 
vs AL) (online supplemental table 1), and preoperative stool 
samples were transferred into antibiotic- conditioned mice by 
faecal microbiota transplantation (FMT) (figure 2). Transplanted 
mice were then subjected to surgery. FMT from patients with 
AL induced poorer colonic healing (figure 2A), a lower concen-
tration of ECM components (figure 2B,C) and a higher concen-
tration of E- cadherin (figure 2D), indicative of decreased cell 
migration capacity at the wound edges.16 Lower concentrations 

Figure 1 Anastomotic leak (AL) is modulated by gut microbiota in mice. (A–C) Mice received a combination of ampicillin, streptomycin and 
colistin (ATB) in drinking water or sterile water as a control and were subjected to colonic surgery. (A) Anastomotic leak (AL) score, (B) fibronectin 
and (C) hydroxyproline concentration at the anastomotic site. N=11–12 mice per group; each symbol represents one mouse with bars showing 
means±SEM; two- tailed Student’s t- test. (D–F) SPF MyD88-/- and wild- type mice were subjected to colonic surgery and sacrificed 6 days later. (D) AL 
score and (E) hydroxyproline concentration at the anastomotic wound. N=4 per group, each symbol represents one mouse with bars showing 
means±SEM. Two- tailed Student’s t- test. (F) splenic bacteria. N=4 per group, Mann- Whitney U test; data are represented as boxplots. *p<0.05, 
****p<0.0001.
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of fibronectin and hydroxyproline were associated with higher 
collagen degradation involving mostly matrix metalloprotein-
ase- 2 (MMP- 2; figure 2E,F). Lastly, FMT from donors with AL 
led to increased bacterial load in the spleen suggesting transloca-
tion from a weakened gut barrier (figure 2G).

To identify bacterial candidates implicated in anastomotic 
healing, microbial communities from stool samples of mice 
receiving FMT from patients with CRC with and without 
AL were assessed using 16S rRNA gene sequencing, and the 
ANCHOR pipeline17 was used to process amplicon sequences 
and infer exact sequence variants (ESVs) (online supplemental 
figure 2A). Unconstrained principal coordinate analysis showed 
significant differences (p<0.001) between microbial commu-
nities in samples from mice before FMT, mice after FMT and 
human donors. The first axis (explaining 32.49% of total vari-
ance) separated samples into two distinct clusters, one consisting 
of mice samples before FMT and a second consisting of both 
transplanted mice and donor samples, which separated along 

the second axis (explaining 14.3% of total variance) (figure 2H). 
While alpha- diversity indexes did not differ between groups of 
mice before or after surgery (online supplemental figure 2B), 
(online supplemental table 2), significant differences in the 
bacterial communities of mice after FMT from non- AL and AL 
donors were observed using constrained beta- diversity anal-
ysis (distance- based redundancy analysis; p=0.004; figure 2I), 
suggesting different microbiota compositions in these two 
groups. Differential abundance analysis was performed between 
the non- AL and AL groups after FMT (FDR <0.05) (online 
supplemental figure 2C). Among the significantly differentially 
abundant ESVs, 28 could be putatively annotated at various 
taxonomic levels, including 24 species and 4 genera, 13 of 
which were higher in the non- AL group and 15 higher in the 
AL group.

Taken together, these data provide convincing evidence that 
preoperative gut microbiota composition influences postopera-
tive healing.

Figure 2 Gutmicrobiota influence colonic surgical healing in mice. The left panel depicts the structure of the study. (A–G) mice received faecal 
microbiota transplantation (FMT) from patients with colorectal cancer (CRC) without and with anastomotic leak (No AL and AL) before undergoing 
colonic surgery and were sacrificed 6 days later. (A) AL score, (B) fibronectin, (C) hydroxyproline and (D) E- cadherin concentration at the anastomotic 
wound. (E) Total MMPs and (F) MMP- 2 activity as assessed by gelatin zymography. (G) splenic bacteria assessed by colony- forming units (CFU) 
counting. each symbol represents one mouse (N=25–27/group; 2–3 mice per donor, 9 donors per group); bars are means±SEM. P values were 
obtained using the generalised estimating equations to correct for covariance structure of mice from a same donor, *p<0.05, **p<0.01. (H) Principal 
coordinate analysis and (I) distance- based redundancy analysis of gut microbiota in faecal samples. (J) correlation matrix of bes AL predictive 
microbiota features in both mice and donors and healing parameters (Spearman correlation, *false discovery rate- adjusted (p<0.1).
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Alistipes onderdonkii and Parabacteroides goldsteinii 
modulate anastomotic healing in mice
Next, to validate the hypotheses that non- AL versus AL donor 
associated microbiota were passed on to mice and persisted after 
FMT, and that non- AL versus AL microbiome significant differ-
ences in mice are related to those in humans, a statistical learning 
algorithm was run involving differentially abundant ESVs in two 
successive steps (online supplemental figure 3). Twelve ESVs 
were found to predict with high accuracy the leak status in both 
mice and patients (figure 2J, online supplemental figure 3).

An ESV annotated as Alistipes onderdonkii was significantly 
associated with higher AL score (figure 2J, online supplemental 
figure 2C) and its previous isolation from abdominal abscesses 
suggests a pathogenic potential.18 We first confirmed that patients 
with AL and mice receiving their microbiota presented a higher 
abundance of A. onderdonkii compared with non- AL patients 
and mice using quantitative PCR (qPCR) (online supplemental 
figure 4A,B and online supplemental table 3). To explore the role 
of A. onderdonkii in AL, SPF wild- type mice that do not harbour 
this species in their gut (online supplemental figure 4C) received 
an oral gavage of an A. onderdonkii strain kh33 isolated from a 
human stool sample (CRCHUM collection), and sharing 100% 
sequence identity of the variable V5–V6 region of a 16S rRNA 
gene with A. onderdonkii’s ESV (online supplemental figure 5), 
and were then subjected to colonic surgery (figure 3). On POD 6, 
mice receiving the A. onderdonkii kh33 displayed a higher rate of 
leaks and abscesses when compared with mice receiving saline as 
a control (figure 3A). In addition, they displayed lower hydroxy-
proline concentration at the anastomotic site and increased 
bacterial translocation to the spleen (figure 3B,C). Next, we 
tested another member of the same genus, Alistipes indistinctus, 
that was also found to be significantly more abundant in mice 
receiving FMT from donors with AL (online supplemental figure 
4E). However, unlike A. onderdonkii, the administration of A. 
indistinctus strain kh34 (CRCHUM collection) did not influence 
clinical outcomes (online supplemental figure 4G).

A second ESV, annotated as Parabacteroides goldsteinii 2, 
presented an abundance profile that correlated with improved 
AL scores and lower MMPs levels (figure 2J, (online supple-
mental figure 2C), suggesting a potential protective effect. Using 
qPCR (online supplemental table 3), we confirmed that patients 
without AL, and their respective transplanted mice, presented 
increased levels of P. goldsteinii 2 (online supplemental figure 
6A,B). We isolated P. goldsteinii strain kh35 from a human stool 
sample (CRCHUM collection), which shared 100% sequence 
identity of the variable V5–V6 region of a 16S rRNA gene with P. 
goldsteinii 2 (online supplemental figure 7) and was undetectable 
in naïve mice (online supplemental figure 6C). When P. gold-
steinii kh35 was administered to mice before subjecting them to 
colonic surgery, the AL score improved significantly (figure 3D). 
In addition, ECM components were enhanced while MMP- 2 
activity and splenic bacterial load were reduced (figure 3E,F, 
online supplemental figure 6D,E). To further confirm the bene-
ficial effect of P. goldsteinii kh35 in improving gut healing after 
surgery, antibiotic- conditioned mice were colonised with micro-
biota from patients with AL and then received supplementation 
with P. goldsteinii kh35 or saline twice before surgery (figure 3, 
online supplemental figure 6F–H). Mice receiving P. goldsteinii 
kh35 had an improved leak score (figure 3G), greater postoper-
ative weight recovery (online supplemental figure 6G), higher 
hydroxyproline and fibronectin concentration in the wound 
(figure 3H, online supplemental figure 6H) and lower splenic 
bacterial load (figure 3I). Finally, germ- free mice supplemented 

with P. goldsteinii kh35 showed an improved surgical recovery 
similar to that seen in germ- free mice that received FMT from 
healthy donors (online supplemental figure 8). Germ- free 
mice are known to have impaired gut physiology and repair 
capacity,19 20 and this was recapitulated in our surgical model 
where untreated germ- free mice displayed poor colonic healing. 
These results suggest that P. goldsteinii kh35 improves surgical 
healing, strengthens the wound matrix, and reinforces the gut 
barrier.

Oral gavage with supernatants obtained from A. onderdonkii 
kh33 and P. goldsteinii kh35 cultures replicated the effects seen 
with live bacteria supplementation in mice subjected to surgery 
(online supplemental figure 9), indicating that factors produced 
and released by these species can affect the outcomes of anas-
tomotic healing. Finally, P. goldsteinii kh35 and A. onderdonkii 
kh33 were found to be present in colonic mucosal samples 
collected during surgery before the completion of the anasto-
mosis (online supplemental figure 10A), as well as in mucosal 
anastomotic samples taken from mice after surgery, where the 
levels of P. goldsteinii two were lower, while those of A. onder-
donkii were higher in mice with FMT from donors with AL 
compared with mice with FMT from donors that healed unevent-
fully (online supplemental figure 10B). These data indicate that 
P. goldsteinii and A. onderdonkii adhere to the colonic mucosa 
and are not affected by prophylactic antibiotics and mechanical 
bowel preparation that patients receive before surgery.

P. goldsteinii reduces the release of inflammatory cytokines 
by inhibiting the MyD88/NF-κB signalling pathway
Previous studies reported that another P. goldsteinii strain, which 
shares 100% sequence identity of the variable V5–V6 region of 
the 16S rRNA gene with P. goldsteinii 1 in our study, presented 
anti- inflammatory properties in a murine lung inflammation 
model.21 We reasoned that P. goldsteinii kh35 may produce and 
release anti- inflammatory molecules. Therefore, we prepared 
cell- free supernatants of P. goldsteinii kh35 cultures grown in 
RPMI medium and investigated its ability to affect the activa-
tion of the MyD88- dependent signalling pathway. Using THP- 1 
monocytic cells exposed to Escherichia coli lipopolysaccha-
ride, we found that P. goldsteinii kh35 supernatant reduced the 
expression of MyD88, the activation of the nuclear factor- kappa 
B (NF-κB) and subsequent tumour necrosis factor (TNF)-α 
mRNA expression (figure 3J–M).22 In contrast, supernatant 
from A. onderdonkii kh33 strongly activated NF-κB in THP- 1 
cells (online supplemental figure 11). These data suggest that 
mechanistically, P. goldsteinii kh35 improves anastomotic healing 
through an anti- inflammatory effect by suppressing the MyD88/
NF-κB signalling pathway.

Upregulation of mucosal inflammatory cytokines in patients 
with AL and mice receiving FMT from patients with AL before 
surgery
Given the importance of microbiota- driven local inflammation 
in postoperative gut healing,23 we questioned whether patients 
with AL could have presented subclinical inflammation in the 
gut before AL occurrence, which is not routinely assessed in 
the standard preoperative evaluation. We found that among a 
multiplex panel of nine cytokines tested in mucosal samples, 
four differentially expressed cytokines were transferable by 
FMT into mice (figure 4 and online supplemental figure 12). 
AL patients (figure 4A), and their respective transplanted mice 
(figure 4B), harboured higher basal levels of pro- inflammatory 
cytokines, namely macrophage inflammatory protein 1 alpha 
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and 2 (MIP- 1α and MIP- 2), monocyte chemoattractant protein 
1 (MCP- 1), and interleukin- 17A/F (IL- 17A/F).

Next, we tested whether A. onderdonkii kh33 and P. goldsteinii 
kh35 could affect the production of the identified cytokines. 
We found that oral gavage with A. onderdonkii kh33, but not 
A. indistinctus kh34, increased faecal levels of MIP- 1α, MIP- 2 

and IL- 17A/F before surgery (online supplemental figure 13A,B). 
Conversely, oral P. goldsteinii kh35 inhibited the production of 
those three cytokines as well as MCP- 1 levels, both in mice with 
native gut microbiota and mice that received FMT from AL 
donors (online supplemental figure 13C,D). To further confirm 
the relationship between the three chemokines and impaired 

Figure 3 Alistipes onderdonkii kh33 and Parabacteroides goldsteinii kh35 affect surgical colonic healing in mice. (A–F) Specific pathogen- free 
(SPF) mice received daily gavage of saline, A. onderdonkii kh33 (Ao kh33), or P. goldsteinii kh35 (Pg kh35) before undergoing colonic surgery. (A 
and D) Anastomotic leak (AL) score and (B and E) hydroxyproline concentration at the anastomotic wound (N=8–9 mice per group; each symbol 
represents one mouse with bars showing means±SEM; two- tailed Student’s t- test). (C and F) Splenic bacteria (boxplots; Mann- Whitney U test). 
(G–I) Mice received antibiotics (ATB) before FMT from patients ith CRC with AL and then received gavage with P. goldsteinii kh35 before undergoing 
colonic surgery. (G) AL score, (H) hydroxyproline concentration and (I) splenic bacteria (N=14 per group; 2–3 mice per donor; 5 donors per group). 
(J) Schematic depiction of the MyD88- dependent pathway. (K–M) THP- 1 cells were treated with Escherichia coli LPS and were incubated with P. 
goldsteinii kh35 supernatant. (K) MyD88 expression assessed by western blot (one representative blot is shown and the graph below represents 
quantification of N=3 experiments). (L) NF- KB activation (luciferase activity) and (M) TNF-α mRNA expression (N=3–4 experiments; bars represent 
means±SEM; ANOVA with Tukey’s post hoc test). *p<0.05, **p<0.01, ****p<0.0001. ANOVA, analysis of variance; CRC, colorectal cancer.
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Figure 4 Enhanced preoperative mucosal cytokines levels result in heightened inflammation after surgery, and impair anastomotic healing in 
mice. (A and B) Mucosal biopsies were collected from patients at surgery, and from mice 2 weeks after receiving faecal microbiota transplantation 
(FMT) from patients with CRC without and with anastomotic leak (No AL and AL). (A) Basal levels of MIP- 1α, MCP- 1, MIP- 2 and IL- 17A/F in the 
colonic mucosa of patients with CRC (N=9 per group; each symbol represents one patient; two- tailed Student’s t- test). (B) MIP- 1α, MIP- 2, MCP- 1 
and IL- 17A/F levels were assessed in mice after FMT (N=27 mice per group; 3 mice per donor; 9 donors per group; GEE). (C and D) TNF-α and IL- 
1β levels in (C) anastomotic tissue collected from mice at the end of the experiment (each symbol represents pooled samples from 2 to 3 mice per 
donor for a total of 9 donors per group and (D) in rectal mucosal swabs collected from patients at postoperative day 3. (N=9 per group; each symbol 
represents one patient; two- tailed Student’s t- test). (E–J) Mice received an intraperitoneal injection of recombinant MIP- 1α, MCP- 1 and MIP- 2, or 
phosphate buffered saline (PBS) before surgery, and were then subjected to colonic surgery. (E) Anastomotic leak (AL) score, (F) hydroxyproline and 
(G) fibronectin concentration at the anastomotic wound. Two- tailed Student’s t- test, bars represent means±SEM. (H) Splenic bacteria. Mann- Whitney 
U test; data are represented as boxplots. Circulating levels of (I) monocytes and (J) neutrophils at endpoint. Two- tailed Student’s t- test. N=7 per group. 
*p<0.05, **p<0.01, ***p<0.001. AL, anastomotic leak; CRC, colorectal cancer.
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healing, SPF wild- type mice received a cocktail of recombinant 
MIP- 1α, MIP- 2 and MCP- 1 before being subjected to colonic 
surgery (figure 4E–J). Although not perfect, this treatment 
increases the levels of those cytokines in the peritoneal cavity 
before surgery, as an attempt to mimic enhanced preoperative 
levels found in AL patients. Treatment with the chemokines 
cocktail impaired anastomotic healing in mice, and increased 
circulating monocyte and neutrophil levels (figure 4E–J).

These results show that patients with AL present an upregula-
tion of mucosal inflammatory cytokines before surgery and this 
profile can be transferred to mice via FMT. Elevated levels of the 

identified cytokines could be associated with poor wound repair 
after surgery, and their production is affected in opposite direc-
tions by A. onderdonkii kh33 and P. goldsteinii kh35.

Upregulation of mucosal inflammatory cytokines before 
surgery enhances inflammation after surgery
IL- 17A has been shown to play a key role in the mobilisation of 
inflammatory monocytes producing TNF-α and IL- 1β-secreting 
neutrophils.24 In turn, high levels of TNF-α and IL- 1β are hall-
marks of chronically inflamed intestinal wounds failing to heal,25 26 

Figure 5 TNF-α influences anastomotic healing in mice undergoing colonic surgery. (A–D) SPF wild- type mice received, before surgery, an 
intraperitoneal injection of TNF-α, or PBS as control and were subjected to colonic surgery. (A) Body weight of mice after surgery. (B) Anastomotic 
leak (AL) score, (C) hydroxyproline and (D) fibronectin at the anastomotic wound. N=7 mice per group, each dot represents one mouse with bars 
showing means±SEM, two- tailed Student’s t- test. (E–H) Wild- type and TNF-α-/- mice subjected to colonic surgery. (E) body weight, (F) anastomotic 
leak (AL) score, (G) hydroxyproline and (H) fibronectin concentration at the anastomotic wound (N=4 mice per group, each dot represents one mouse 
with bars showing means±SEM, two- tailed Student’s t- test). (I–N) Mice received antibiotics (ATB) before FMT from patients with CRC with AL and 
were then injected with control isotype (Ctl) or TNF-α antibody. (I) body weight, (J) anastomotic leak (AL) score, (K) hydroxyproline and (L) fibronectin 
concentration at the anastomotic wound (N=5 mice per group, each dot represents one mouse with bars showing means±SEM, two- tailed Student’s 
t- test). (M) Splenic bacteria. Boxplots, Mann- Whitney U test. (N) White cell count. Data are presented as means±SEM, two- tailed Student’s t- test. 
*p<0.05, ***p<0.001.
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and may impair wound healing by activating matrix- degrading 
collagenases and inhibiting regeneration mechanisms.27 28 In fact, 
in our cohort, patients who developed AL displayed significantly 
higher levels of TNF-α and IL- 1β in rectal swabs collected at 
POD 3 compared with patients with uneventful healing (No AL; 
figure 4D). We, therefore, reasoned that low- grade inflammation 
present before surgery could potentiate inflammation after surgery. 
Indeed, mice receiving FMT from leaky donors had increased 
TNF-α and IL- 1β at the anastomotic wound compared with FMT 
mice from non- AL patients (figure 4C). Furthermore, mice treated 
with TNF-α before surgery showed impaired anastomotic healing, 
while TNF-α-/- mice and mice treated with anti- TNF-α antibodies 
after FMT from AL donors displayed improved healing (figure 5), 
further confirming the deleterious effect of pre- existing heightened 
inflammation on colonic anastomotic healing. As shown in online 
supplemental figure 14, TNF-α neutralisation did not affect the 
levels of P. goldsteinii and A. onderdonkii in faecal samples. Taken 
together, these results suggest that gut microbiota- driven low- grade 
inflammation present before surgery leads to enhanced inflamma-
tion after surgery, resulting in poor healing capacity.

Higher circulating levels of monocytes and neutrophils are 
associated with impaired anastomotic healing in patients 
with CRC
From a translational point of view, we next explored the rela-
tionship between neutrophils and monocytes blood counts and 
faecal inflammatory markers in patients with CRC, which could 
have a predictive value. We found that preoperative neutro-
phil and monocyte blood counts in the 18 donors inversely 
correlated with faecal P. goldsteinii 2 levels and were positively 
associated with the faecal inflammatory marker lipocalin- 2, 
an antimicrobial peptide produced mainly by neutrophils, but 
not with calprotectin (online supplemental figure 15). Next, to 
further understand the role of neutrophils and monocytes in 
anastomotic healing, we tested whether their depletion would 
influence colonic healing in mice. Neutrophil or monocyte 
partial depletion in mice prior to surgery using anti- Ly6G anti-
bodies and clodronate liposomes respectively (figure 6A and F, 
online supplemental figure 16) prevented abscesses and leaks 
and improved the recovery of the wound matrix (figure 6A–J), 

Figure 6 Higher preoperative circulating neutrophil and monocyte counts are associated with impaired anastomotic healing. Mice were colonised 
by faecal microbiota transplantation (FMT) from a pooled faecal sample of four donors with anastomotic leak (AL), and partial depletion of (A–
E) neutrophils and (F–J) monocytes (A and F) was performed using anti- Ly6G antibody or clodronate liposomes respectively (N=7–8 per group). (B 
and G) AL score, (C and H) hydroxyproline and (D and I) fibronectin concentration in anastomotic wounds (bars represent means±SEM; two- tailed 
Student’s t- test). (E and J) Splenic bacteria (boxplots, Mann- Whitney U test). (K) Preoperative white cell counts of patients experiencing AL from 2011 
to 2021 (N=135) and of patients with uneventful recovery that were randomly selected (N=360 out of 1750). *p<0.05, **p<0.01, ****p<0.0001. NS, 
non- significant.
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underscoring the importance of the circulating levels of these 
cells before surgery. We next wondered whether preoperative 
levels of neutrophils and monocytes in the blood of patients 
with CRC could be associated with AL occurrence after surgery. 
Thus, the white cell count (WCC) of patients with CRC expe-
riencing AL in our centre were compared with those of patients 
without AL (online supplemental table 4). Patients experiencing 
AL had significantly higher preoperative WCC, driven by 
elevated neutrophil and monocyte, but not lymphocyte counts 
(figure 6K). These results highlight the potential usage of biolog-
ical markers before surgery to identify patients with CRC at risk 
of developing AL.

DISCUSSION
Our study provides evidence that microbiota- driven upregula-
tion of proinflammatory cytokines in the colon before surgery 
influences anastomotic healing after surgery. We further iden-
tified two bacterial strains, Alistipes onderdonkii kh33 and 
Parabacteroides goldsteinii kh35, which modulate anastomotic 
healing namely by regulating the basal levels of proinflammatory 
cytokines in the gut (figure 7).

To the best of our knowledge, this study constitutes the first 
solid demonstration of a causal role of the preoperative gut 
microbiota in surgical healing in patients with CRC. Previous 
studies have assessed potential correlations between the compo-
sition of the gut microbiota and AL,29 30 however, no direct 
causal relationship has been assessed using human FMT with 
preoperative faecal samples in animal surgical models. Our find-
ings show that, beyond correlational comparisons, transferable 
preoperative bacterial species influence colonic healing in mice 
and AL. An additional important finding was that patients expe-
riencing AL presented elevated mucosal proinflammatory cyto-
kines already before surgery. This phenotype was transferrable 
from patients to mice by gut microbiota transplantation, indi-
cating that upregulation of mucosal proinflammatory cytokines 
is dependent on gut microbiota composition. AL usually leads 
to significant local and systemic sepsis,31 and we show that the 
postoperative inflammatory reaction was indeed exacerbated in 
AL patients, as evidenced by the higher levels of TNF-α and IL-β 
measured in rectal swabs obtained after surgery. Our finding is 
in agreement with recent findings showing that FMT in mice 
using postoperative stool samples from patients with AL induced 
poor anastomotic healing in rats.32 Similar relationship between 
the presence of proinflammatory cytokines such as TNF-α, and 

deficient mucosal repair25 have been reported in chronic inflam-
matory gut conditions, namely in inflammatory bowel disease.33 
In turn, IL- 1β has been shown to contribute to a sustained 
inflammatory environment by inducing continuous accumu-
lation of IL- 17A,26 which may lead to the establishment of a 
chronic wound that persists in the inflammatory phase and fails 
to progress to the expected proliferative phase.34 The role of low- 
grade, subclinical inflammation is being recognised in several 
disorders, such as irritable bowel syndrome and obesity, as well 
as in the general pathophysiology of gastrointestinal cancers.35 36 
The present work adds to this growing list, with the particularity 
that IL- 17A/F mobilisation of chemokines- secreting neutrophils 
and monocytes was associated with poor anastomotic healing. 
Of note, excessive accumulation of neutrophils and monocytes 
has been shown to induce tissue damage and sustained inflam-
mation, and to delay wound repair in several organs including 
the skin and the intestine.37 38 Inflammation- induced damage in 
anastomotic wounds may be in part linked to a higher activa-
tion of collagenolytic enzymes. Accordingly, we found a higher 
expression of MMP- 2 in poorly healing anastomotic wounds, 
which is known to be activated by TNF-α and IL- 1β.39 40 Other 
studies found an important role for MMP- 9 in the healing of 
colonic anastomosis.41 42 These studies and our findings further 
highlight the important role of heightened inflammation on the 
expression of matrix- degrading collagenases and AL.

Our approach led to the identification of several human- 
associated bacterial species that may modulate anastomotic 
healing. As a proof of principle, we show that strains of some 
bacterial species, namely A. onderdonkii and P. goldsteinii, which 
we found to adhere to the colonic mucosa, can directly affect 
the outcomes of colonic surgery in mice. More specifically, 
an increased abundance of A. onderdonkii is associated with 
impaired anastomotic healing and gut barrier. While no previous 
studies have confirmed a proinflammatory effect of this bacte-
rium, one human study has shown that the abundance of the 
genus Alistipes is associated with the circulating levels of IL- 17 in 
individuals at risk of metabolic syndrome.43 Our findings suggest 
that not all members of Alistipes genus exhibit the same effects, 
since only A. onderdonkii, but not A. indistinctus, showed a 
proinflammatory activity. A strain of another bacterial species, 
P. goldsteinii kh35, had a beneficial effect on the recovery of 
gut injury by exerting the opposite effect, namely by inhibiting 
proinflammatory cytokines. Previous studies reported a benefi-
cial effect of another P. goldsteinii strain that overlaps with our 
P. goldsteinii 1 ESV on metabolic health and obesity.44 Overall, 
both A. onderdonkii and P. goldsteinii contain strains that can 
ultimately modulate the inflammatory response, suggesting that 
anastomotic healing might depend on an equilibrium between 
harmful and beneficial bacteria. While the identified bacteria 
constitute a proof- of- concept of the role of specific bacterial 
species in gut healing, other potential candidates require further 
investigation to add to the growing list of leak- associated42 and 
healing- promoting bacteria (this study), the balance of which we 
show to be relevant to anastomotic healing.

Taken together, our findings open the possibility of iden-
tifying potential biological markers that could be measured 
in patients with CRC before their surgery to predict AL risk, 
since local gut inflammation has been shown to correlate 
with systemic low- grade inflammatory markers.45 We show 
that blood cell counts and faecal lipocalin- 2 could serve as 
valuable markers for the identification, before surgery, of 
patients at risk of developing AL. Faecal lipocalin- 2 has been 
shown to be a sensitive marker able to detect very low- grade 
mucosal inflammation in patients with inflammatory bowel 

Figure 7 Graphical abstract of the study results.

P
rotected by copyright.

 on M
arch 6, 2023 at U

niversite D
e M

ontreal B
ibliotheque D

e La S
ante.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-328389 on 30 D
ecem

ber 2022. D
ow

nloaded from
 

https://dx.doi.org/10.1136/gutjnl-2022-328389
http://gut.bmj.com/


10 Hajjar R, et al. Gut 2022;0:1–12. doi:10.1136/gutjnl-2022-328389

Gut microbiota

disease and, as such, to be far more sensitive than the clin-
ically used calprotectin.46 Patients at risk of developing AL 
would be candidates for potential treatments before surgery 
targeting gut microbiota, such as prebiotics,14 47 probi-
otics and postbiotics, to attenuate colonic inflammation, 
strengthen the gut barrier and improve anastomotic healing. 
Moreover, microbiota- based approaches could be relevant to 
other oncological and non- oncological gastrointestinal inter-
ventions, including small bowel resections, transanal tumour 
excision and gastroduodenal operations.

METHODS
Human studies
Patient recruitment and sample collection
Patients with CRC awaiting a colorectal surgical resection with 
anastomosis were recruited at the Digestive Surgery Service 
at the CHUM. Participants provided informed consent prior 
to samples and data acquisition. Prior to surgery, and before 
the administration of prophylactic antibiotics and mechanical 
bowel preparation, patients were requested to provide a fresh 
faecal sample following the standard operating procedures of 
the International Human Microbiome Standards project.48 
Samples were collected in hermetic containers with an anaer-
obic sachet (BBL GasPak anaerobic indicator, Becton, Dick-
inson and Company, Ontario, Canada) and stored at −80°C 
on arrival to the laboratory. During the operation, colonic 
mucosal samples (~ 1 cm3) from the site adjacent to the anas-
tomosis site were collected in a sterile manner, snap- frozen 
and stored at −80°C. At POD 3, rectal swabs were collected 
in PowerBead tubes (Qiagen, Toronto, Ontario, Canada) and 
stored at −80°C. Clinical data were collected from clinical 
charts. The diagnosis of AL after surgery was based on clin-
ical or radiological evidence.

Animal experiments
Experiments were performed according to the guidelines of 
the Canadian Council of Animal Care and were approved by 
the Institutional Animal Care Committee of the Centre de 
recherche du Centre hospitalier de l'Université de Montréal 
(CRCHUM). Female mice were used in all experiments and 
were between 7 and 14 weeks at the time of surgery. C57BL/6 
mice were bred at the CRCHUM animal facility in specific- 
pathogen- free (SPF) conditions. They were maintained under 
standard 12:12 light/dark conditions, housed at 3–5 mice 
per cage and were allowed ad libitum access to food and 
water. For knockout experiments, MyD88-/- (B6.129P2(SJL)- 
Myd88tm1.1Defr/J), TNF-α-/- (B6.129S- Tnftm1Gkl/J) and wild- 
type control C57BL/6 J mice were purchased from the 
Jackson Laboratory (Bar Harbor, Maine, USA) and main-
tained in the same conditions. Germ- free C57BL/6 female 
mice were purchased from the germ- free facility of the Inter-
national Microbiome Centre at the University of Calgary, 
Alberta, Canada and housed at the gnotobiotic facility of 
the CRCHUM where the experiments were conducted. Mice 
with similar age and weight were randomly assigned to the 
study groups.

Faecal microbiota transplantation
Drinking water was supplemented with a mix of 3 antibi-
otics for 3 days before FMT. FMT was performed by admin-
istering 200 µL of faecal material suspended in sterile 0.9% 
saline (Baxter, Mississauga, Ontario, Canada) at 100 mg/mL 
by oral gavage and by applying 100 µL of the suspension on 

the animal’s fur.49 At day 14 after FMT, mice were sacrificed 
and gut parameters assessed, or were subjected to surgery by 
an operator blinded to the donor and intervention group.

Microbiome analysis
DNA extraction from faecal samples was performed using the 
Qiagen DNeasy PowerSoil kit according to the manufactur-
er’s instructions. Primers for 16S rRNA gene amplification 
targeted the V5–V6 region: P609D (S- D- Bact- 0785- a- S- 18) 
5’-GGMTTAGATACCCBDGTA- 3’and P699R (S-*-Univ- 
1100- a- A- 15) 5’-GGGTYKCGCTCGTTR- 3’.50 PCR amplifi-
cation and sequencing were performed by Génome Québec, 
and the illumina MiSeq sequencing system platform was 
used for 2×250 bp paired- end sequencing of PCR products. 
Amplification was performed using the following condi-
tions: initial denaturation at 94°C for 2 min, denaturation at 
94°C for 30 s, annealing at 58°C for 30 s, extension at 72°C 
for 30 s, final extension at 72°C for 7 min, 4°C hold, over 
35 cycles. Reagent controls were below the detection limit 
used by Génome Québec for quality assurance. The Anchor 
pipeline51 was used to process amplicon sequences. Briefly, 
Mothur52 was used to align and dereplicate sequences before 
selection of ESVs using a count threshold of 100 across all 
samples. Annotation queried two sequence repositories 
with strict BLASTn criteria (>99% identity and coverage): 
National Center for Biotechnology Information (NCBI) 
curated bacterial and Archaea RefSeq, and NCBI nt. Database 
versions were from January 2021; all annotation is consid-
ered putative and subject to improvement as database errors 
are resolved and new species are characterised. Raw sequence 
data have been deposited at the NCBI accession: Sequence 
Read Archive Project ID (PRJNA848219).

Statistical analysis
Statistical analysis was performed using Prism 9 V.9.3.0 
(GraphPad Software, San Diego, California, USA) and R 
(V.4.1.0). Logarithmic transformation was performed when 
normality or equality of variances could not be assumed. 
Intergroup comparisons were performed using two- tailed 
Student’s t- test or Mann- Whitney U test. For multiple groups 
analysis, one- way analysis of variance was performed with 
post hoc Tukey’s test or Kruskal- Wallis test with Dunn’s post 
hoc test. In experiments with FMT, to prevent overestimation 
of the association due to pseudoreplication, the biological 
unit consisted of the donor (N=1 donor) and mice colonised 
from one donor were considered replicates.53 Therefore, to 
account for correlation between measurements from mice 
recolonised by FMT from the same donor, generalised esti-
mating equations were applied using the geeglm function from 
the geepack R package54 (V.1.3–2) with the family parameter 
set to ‘binomial’ or ‘gaussian’ and the potential correlation 
structure among donor- matching mice samples was specified 
as ‘independent’. Significance between parameters between 
groups was assessed with a Wald test.

Data and materials availability
NCBI accession: Sequence Read Archive Project ID 
(PRJNA848219).
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Supplementary methods 

Retrospective review 

The charts of patients with confirmed AL after a colorectal resection for CRC at the CHUM 

between 2011 and 2021 were identified and reviewed. Charts of patients undergoing resection for 

CRC during the same period, and who did not develop AL, were randomly selected and reviewed. 

The following cases were excluded: no anastomosis, perforated tumor or intestinal perforation 

before surgery, emergency surgery for bowel obstruction, active confirmed infection, 

hematological malignancy, hyperthermic intraperitoneal chemotherapy, palliative surgery, and no 

available preoperative complete blood count within 3 months before surgery. To prevent 

misclassification, charts were screened, and data was collected and validated by two independent 

individuals, and random data verification was further performed. 

 

Surgical intervention 

At day 4 after FMT, mice were subjected to surgery as previously described (1). They were 

followed postoperatively and sacrificed on postoperative day (POD) 6. On the day of surgery, mice 

received a subcutaneous injection of the analgesic buprenorphine-sustained-release (1 mg/Kg, 

Chiron Compounding Pharmacy Inc, Guelph, ON, Canada), then underwent general anesthesia 

with isoflurane (2-3%). The abdomen was shaved, and the skin was disinfected with 3 passages of 

10% povidone-iodine and 70% ethanol solutions. An abdominal subcutaneous injection of the 

local anesthetic bupivacaine 0.25% (2 mg/Kg, Aspen Pharmacare Canada Inc, Oakville, ON, 

Canada) was performed at the incision site. A midline abdominal 2 cm laparotomy incision was 

performed. The cecum was localized and exteriorized, and a colotomy was performed by 
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transecting 80% of the circumference of the proximal colon, distal to the cecum. The colotomy 

was then closed with 6 interrupted sutures of polypropylene 8-0. Under direct vision, the integrity 

of the repair was tested with rectal administration of warm sterile saline via a 22G plastic cannula. 

The abdomen was closed in 2 layers, with one running suture at the muscle level, and one 

subcuticular running suture at the skin level. Intraoperatively, the respiratory rate was continuously 

monitored, and mice were maintained on oxygen (0.5 L/min) and on a heating pad. They were 

resuscitated with subcutaneous warm 0.9% NaCl/5% Dextrose (40 mL/Kg, Baxter). After surgery, 

mice were housed in cages with soft bedding material. Drinking water was supplemented with 

acetaminophen 32 mg/mL (Tempra, Paladin Labs Inc., St-Laurent, QC, Canada) to optimize 

analgesia, and mice were assessed daily until sacrifice. Signs of sepsis or other surgical 

complications, including difficulty breathing, failure to move when touched, weight loss greater 

than 20% or wound dehiscence, were set as intervention points to proceed with urgent euthanasia. 

 

Antibiotic treatment 

Drinking water was supplemented during all the experimental period with a mix of 3 antibiotics: 

ampicillin (1 mg/ml, WISENT Inc., QC, Canada), streptomycin (5 mg/ml, Sigma-

Aldrich/MilliporeSigma Canada Co, ON, Canada) and colistin (1 mg/ml, SteriMax Inc., ON, 

Canada) (2). The control group received sterile drinking water. 

 

Macroscopic anastomotic healing 

Macroscopic healing of the anastomosis was performed using the anastomotic leak (AL) score as 

follows: 0, normal healing; 1, flimsy adhesion; 2, dense adhesion; 3, phlegmon/abscess; 4, overt 
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leak with peritonitis (1,3-5). Grading was performed by 3 independent evaluators blinded to the 

intervention group. 

 

Bacterial supplementation 

Alistipes onderdonkii kh33, Alistipes indistinctus kh34 and Parabacteroides goldsteinii kh35 

(CHUM Research Center collection numbers 417, 416 and 418) were grown on tryptone soy agar 

plates with 5% sheep blood (Oxoid, Thermo Fischer Scientific inc., ON, Canada) at 37°C in 

anaerobic conditions for 48 hours. On the day of gavage, bacterial colonies were scraped and 

suspended in 0.9% saline (Baxter) at an optical density at 600 nm of 1.0. Bacterial supplementation 

was performed by administering a daily oral gavage of 200 µL of the fresh suspension for 2 days 

before surgery. Control mice received saline. Bacterial identity of the culture was routinely 

monitored by real-time quantitative polymerase chain reaction (qPCR) using primers listed in 

Table S2, and by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 

spectrometry. Confirmation of bacterial colonization was performed on fecal samples by qPCR.  

 

Cytokines treatment 

Before surgery, mice received an intraperitoneal (i.p.) injection of the recombinant mouse tumor 

necrosis factor alpha (TNF-a) protein (500 ng in 200 µL of PBS, R&D Systems Inc., Toronto, 

ON, Canada) or of a mix of the recombinant mouse macrophage inflammatory protein 1 alpha 

(MIP-1a), monocyte chemoattractant protein 1 (MCP-1) and macrophage inflammatory protein 2 

(MIP-2) (500 ng of each in a total volume of 200 µL of PBS, R&D Systems Inc.). For TNF-a 

depletion, mice received an i.p. injection of the mouse anti-TNF-a monoclonal antibody (0.5 mg, 
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clone XT3.11, BioXCell, NH, USA), or of a control isotype (0.5 mg, rat IgG1 isotype control, anti-

horseradish peroxidase, BioXCell), the day before the operation. 

 

Tissue and feces homogenization 

Anastomotic tissue was homogenized in distilled water for hydroxyproline quantification. For the 

other measurements, anastomotic tissue and feces were homogenized on ice in lysis buffer (Tris-

HCl pH 7.5, NaCl, Nonidet P-40, H2O, and protease inhibitor). Protein concentration was 

quantified using the PierceTM BCA Protein Assay Kit (Thermo Fischer Scientific, MA, USA). 

 

Gelatin zymography 

Gelatin zymography was used to assess the hydrolytic activities of colonic collagenases at the 

wound site. Briefly, homogenates of anastomotic tissue (10 µg of proteins) were subjected to SDS-

PAGE in a gel containing 0.1 mg/ml gelatin (G2625, Sigma-Aldrich/MilliporeSigma Canada Co). 

The gels were then incubated in 2.5% Triton X-100 (BioShop Canada Inc., TRX506.500, ON, 

Canada) and rinsed in nanopure distilled water. Gels were further incubated at 37°C for 20 h in 20 

mM NaCl, 5 mM CaCl2, 0.02% Brij-35, 50 mM Tris–HCl buffer, pH 7.6 and then stained with 

0.1% Coomassie Brilliant blue R-250 (CBB250, BioShop Canada Inc., ON, Canada) and destained 

in 10% acetic acid, 30% methanol in water. Gelatinolytic activity was detected as unstained bands 

on a blue background using ImageJ (6). 

 

Depletion of neutrophiles and monocytes 

Mice underwent FMT as previously described with a pooled fecal sample (100 mg/mL) from 4 

donors with AL (Table S1, donors 11, 13, 17 and 18). To deplete neutrophiles, mice received an 
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intraperitoneal injection of the mouse anti-Ly6G monoclonal antibody (clone 1A8, 200 µg, 

BioXCell) or of the rat IgG2a isotype control (clone 2A3, 200 µg, BioXCell) at day 13 after FMT. 

To deplete monocytes, mice received an intravenous injection of clodronate liposomes (1 mg in 

200 µL, Liposoma BV, Amsterdam, The Netherlands) or control liposomes containing PBS (200 

µL, Liposoma BV) at day 12 after FMT. 

 

Quantification of hydroxyproline 

The concentration of hydroxyproline was quantified in anastomotic colonic tissue using a 

colorimetric hydroxyproline assay kit (ab222941, Abcam Inc., Toronto, ON, Canada) following 

the manufacturer’s recommendations. The concentration of hydroxyproline was adjusted to the 

weight of homogenized tissue. 

 

Quantification of fibronectin and E-cadherin 

Fibronectin and E-cadherin were quantified by an enzyme-linked immunosorbent assay (ELISA) 

at the anastomosis site (ab108849, ab197751, Abcam Inc.) and was adjusted to the total protein 

concentration. 

 

Splenic bacterial load assessment 

The spleen was collected in a sterile fashion. Bacterial load was estimated in splenic tissue by 

culturing and counting colony forming units (CFUs). Total sterile splenic tissue was homogenized 

in 200 µL of sterile 0.9% saline (Baxter), diluted 10-fold, and 200 µL of the homogenate plated 

on tryptone soy agar plates with 5% sheep blood (Oxoid, Thermo Fischer Scientific inc.) at 37°C 

in aerobic condition. CFUs were quantified at 72 hours. 
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Cytokine quantification 

Inflammatory cytokines were quantified in colonic homogenates using a multiplex assay (Meso 

Scale Diagnostics, Rockville, MD, USA), or enzyme-linked immunosorbent assay (ELISA) for 

MIP-2, lipocalin-2, and calprotectin (DY452, DY1757 and DS8900, R&D Systems, Inc.) and were 

corrected for protein concentration. 

 

16S rRNA gene sequencing 

Sanger sequencing of the 16S rRNA gene of P. goldsteinii kh35 was performed at the Centre 

d’expertise et de services Génome Québec using the primers 27F 

(AGAGTTTGATCMTGGCTCAG) and 1492R (TACGGYTACCTTGTTACGACTT), and 

alignment of the variable V5-V6 region was performed using NCBI BLASTn (7). 

 

Complete blood count 

Blood samples were retrieved by terminal retro-orbital puncture in tubes with EDTA (BD 

Microtainer blood collection tubes, Becton, Dickinson and Company).  Complete blood counts 

(CBC) were measured using an automated cell counter calibrated for murine samples (ABC vet 

counter, ABX Hématologie, Montpellier, France). 

 

Flow cytometry 

Blood was collected in lithium heparin tubes (BD Microtainer blood collection tubes, Becton, 

Dickinson and Company) as previously described (8). After red blood cell lysis using ACK buffer, 

leukocytes were blocked with anti CD16/CD32 antibodies (Fc block, Becton, Dickinson and 

Company) for 15 minutes, washed and then stained for 30 minutes with the following fluorescent 
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antibodies: F4/80-PE from (Miltenyi Biotech Inc., Auburn, CA, USA) and CD11b-AF700, Ly6C-

FITC and Ly6G-APC-H7 (Becton, Dickinson and Company). Live cells were isolated using the 

LIVE/DEADTM Fixable Aqua Dead Cell Stain Kit (Invitrogen, Thermo Fischer Scientific inc.). 

Cells were immediately passed through a flow cytometer (BD LSRFortessaTM Cell Analyzer, 

Becton, Dickinson and Company) and then analyzed using FlowJo v10.3 (FlowJo, LLC, Becton, 

Dickinson and Company). 

 

Diversity and differential abundance analysis 

Alpha diversity was measured using Shannon diversity indices with the Phyloseq package and was 

compared between groups with t-tests. Unconstrained Principal component analysis (PCA) 

ordination and constrained Redundancy analysis (RDA) was performed on rlog-transformed exact 

sequence variant (ESV) abundance using the Phyloseq package and dispersion ellipses were drawn 

using the veganCovEllispse function from the Vegan package in R (9,10). Significance of the 

different constraints in the RDA analysis was evaluated using ANOVA-like permutation test 

(vegan package). Differential abundance analysis on 16S rRNA gene amplicons was performed 

using DESeq2 (11), which can perform well with uneven library sizes and sparsity common to 16S 

rRNA gene data. Sparsity and low-count cut-offs were applied whereby an ESV count in a single 

sample is < 90% of the count in all samples, and ESV counts must be > 2 in 40% of the samples. 

For significance, a false discovery rate (Benjamini-Hochberg procedure) < 0.05 was applied. 

 

Statistical learning 

Logistic regression for the classification of non-AL controls and AL patients using ESV abundance 

was based on a statistical learning algorithm using a Train-Valid-Test data split involving two 
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steps. Box-Cox transformation of the ESV counts was estimated prior to training using caret R 

library (Max Kuhn (2021). caret: Classification and Regression Training. R package version 6.0-

88). In the first step, explanatory variables (ESVs) were selected by estimating the predictive 

power of different subsets of differentially abundant ESVs. To control for model overfitting, a 10-

fold cross validation procedure was carried out using different sets of samples for training and 

validation, picked randomly a thousand times. The best predictive explanatory variables were 

selected for the second step. Explanatory performance of the best predictor sets was assessed using 

the mice ESV counts as training set and human donors ESV counts as test set. Prediction of AL/No-

AL outcome on the full donor dataset was estimated, and accuracy, sensitivity, and specificity 

were calculated from a confusion table. 

 

Cell experiments 

The human monocyte cell line THP-1 (ATCC© TIB-202™) was grown at 37°C in 5% CO2 

atmosphere in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% heat 

inactivated fetal bovine serum (FBS) (WISENT Inc., QC, Canada). P. goldsteinii kh35 and A. 

onderdonkii kh33 were grown in RPMI with 10% heat inactivated FBS for 48 hours in anaerobic 

conditions. The bacterial suspension was then centrifuged, and the supernatant filtered using a 0.2 

µm filter. THP-1 cells were pretreated for 2 hours with 100% P. goldsteinii kh35 or A. onderdonkii 

kh33 supernatant or with filtered medium as control. Cells incubated with P. goldsteinii kh35 

supernatant were additionally exposed for 1 hour to lipopolysaccharide (LPS) from Escherichia 

coli O55:B5 (1 µg/ml, Sigma-Aldrich/MilliporeSigma Canada Co). 
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DNA and RNA extraction 

Fecal, mucosal and splenic DNA was extracted using the Qiagen DNeasy PowerSoil® kit (Qiagen, 

Toronto, ON) and quantified using a spectrophotometer (DeNovix DS-11 FX, Wilmington, DE). 

Total RNA from THP-1 cells was extracted using TRIzol reagent (Invitrogen, Thermo Fischer 

Scientific inc.). Reverse transcription was performed using the high-capacity cDNA Reverse 

Transcription Kit (Thermo Fischer Scientific inc.). 

 

Quantitative PCR 

qPCR was performed using the PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™, 

Thermo Fisher Scientific inc.) in a Rotor Gene 3000A (Corbett Research, Australia) as previously 

reported (12). The primers are listed in Table S2. mRNA expression was normalized to β-actin. 

 

Nuclear factor kappa B (NF-κB) activity 

THP1-Lucia™ NF-κB Cells (InvivoGen, San Diego, CA, USA) were grown in RPMI with 10% 

heat inactivated FBS, 100 μg/ml Normocin™ (InvivoGen), Pen-Strep (100 U/mL-100 μg/mL, 

WISENT Inc., QC, Canada) with Zeocin® (100 µg/ml, InvivoGen) every 2 passages. For the 

assay, cells were seeded at 4x105 cells/mL of medium in a 24-well plate. They were pre-treated 

with P. goldsteinii kh35 supernatant or control medium for 2 hours, then treated with 1 µg/ml of 

E. coli LPS O55:B5 for 24 hours. 50 µL of the medium was collected and luciferase expression 

was measured by adding 50 µl of QUANTI-Luc reagent (InvivoGen) in a white 96-well plate. 

Readings are performed using the Sparkâ multimode microplate reader (Tecan Group Ltd., 

Switzerland). 
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Western blot 

THP-1 cells were centrifuged at 800 g for 5 minutes and resuspended in 100 µl of 1x western blot 

loading buffer, heated at 95oC for 5 minutes, and loaded on a 10% SDS-PAGE gel. After migration, 

proteins are transferred on a Nitrocellulose Membrane 0.45 µM (Bio-Rad Laboratories (Canada) 

Ltd., Mississauga, ON, Canada), blocked using 5% skim milk (BioShop Canada Inc., Burlington, 

ON, Canada) in TBS-T (Tris buffered saline-0.05%/Tween-20) for 1 hour at room temperature. 

The membrane was then incubated with MyD88 rabbit mAb (#4283, Cell Signaling, New England 

Biolabs, Ltd., Whitby, ON, Canada) in 5% bovine serum albumin (BSA) in TBS-T overnight at 

4oC. The membrane was washed for 5 minutes in TBS-T with agitation at room temperature and 

incubated with goat anti-rabbit IgG (H+L) secondary antibody (Invitrogen, Thermo Fischer 

Scientific inc.) for 1 hour at room temperature. The membrane was then washed for 5 minutes in 

TBS-T at room temperature, developed with SuperSignal™ West Pico PLUS Chemiluminescent 

Substrate (Thermo Fischer Scientific inc.), and exposed using a ChemiDoc System (Bio-Rad 

Laboratories (Canada) Ltd., Mississauga, ON, Canada). Bands were quantified using Image Lab 

(version 6.0.1, Bio-Rad Laboratories (Canada) Ltd.). 
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Supplementary figure 1. Anastomotic leak (AL) score used to assess anastomotic healing. 

Level 0 indicates optimal healing without anastomotic adhesions. Level 1 indicates light adhesions 

of abdominal fatty tissue with the anastomotic wound. Level 2 depicts dense adhesions of 

abdominal fatty tissue or organs with the anastomosis. Level 3 implies the presence of a local 

infectious process involving a phlegmon or abscess. Level 4 indicates an overt anastomotic leak 

of intestinal content with fecal peritonitis. Red arrows indicate the site of the anastomosis. 

 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2022-328389–12.:10 2022;Gut, et al. Hajjar R



 

 

12 

 

 
 

 

Supplementary figure 2. Gut microbiota of donors and FMT mice. (A) Bacterial diversity 

diagram representing the full set of ESVs organized in a hierarchical data structure based on their 

taxonomy as determined by 16S ribosomal RNA gene sequencing and the ANCHOR pipeline. (B) 

Shannon index. (C) Differential abundance (DESeq2 p-adj < 0.05) of ESVs associated with 

anastomotic leak (non-AL or AL) in the preoperative gut microbiota in FMT mice. 
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Supplementary figure 3. Gut microbiota features are associated with anastomotic leak (AL) 

in donors and FMT mice. To estimate whether mice could be accurately separated into non-AL 

and AL groups based solely on their microbiome characteristics (post-FMT microbiome 

characterization step), a logistic regression model was built using DESeq2 differentially abundant 

ESVs between post-FMT non-AL versus AL mice; uncharacterized sequences flagged as chimera 

were discarded). Feature (ESVs) tuning was achieved based on multiple iterative processes using 

90% of the mice dataset as train set and the remaining 10% samples as a validation set. Twelve 

ESVs were selected as best features with a validation set prediction of 97.3% accuracy, 95.8% 

sensitivity, and 98.8% specificity. Secondly, to test whether the mice dataset best features can 

restore diagnosis in humans (FMT donor back-validation step), a second logistic regression model 

was trained on the full mice dataset (train set) using the previous model of 12 best features, and 

the status of all 18 human samples (test set) was predicted with a 94.4% accuracy (100% sensitivity 

and 88.9% specificity). The 12 features are depicted in Figure 1J.  
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Supplementary figure 4. Alistipes onderdonkii kh33, but not Alistipes indistinctus kh34, 

impairs colonic healing after surgery in mice. (A-F) A. onderdonkii and A. indistinctus, 

quantified by qPCR in fecal samples of (A and D) donors without (No AL) and with anastomotic 

leak (AL). (B and E) mice after FMT from donors shown in A and D. Each symbol represents one 

donor or one mouse (27 mice per group; 3 mice per donor, 9 donors per group); bars are means ± 

SEM. P values were obtained using the generalized estimating equations (GEE) approach. (C, F 

and G) SPF wild-type mice received daily gavage with A. onderdonkii kh33, A. indistinctus kh34, 

or saline, before undergoing surgery. Fecal levels of (C) A. onderdonkii kh33 and (F) A. 

indistinctus kh34 in mice before (T0) and after bacterial supplementation. N=9 per group, each dot 

represents one mouse; Boxplots; Kruskal-Wallis test with Dunn’s post hoc test. (G) Anastomotic 

leak (AL) score. N=9 per group. each dot represents one mouse with bars showing means ± SEM; 

two-tailed Student’s t-test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, non-significant. 
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Supplementary figure 5. The variable V5-V6 region of a 16S rRNA gene of Alistipes 

onderdonkii kh33 is similar to A. onderdonkii ESV. Sequence alignment of A. onderdonkii and 

A. onderdonkii kh33 16S rRNA gene copy variant using NCBI BLASTn. 
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Supplementary figure 6. Parabacteroides goldsteinii kh35 improves colonic surgical healing 

in mice. (A-B) qPCR validation of P. goldsteinii 2 ESV levels in (A) fecal samples of donors 

without anastomotic leak (No AL) and with anastomotic leak (AL), and in (B) mice after FMT 

from donors shown in A. Each symbol represents one donor or one mouse (27 mice per group; 3 

mice per donor, 9 donors per group); bars are means ± SEM. P values were obtained using two-

tailed t-test or the generalized estimating equations (GEE) approach. (C-E) SPF mice received 

saline or P. goldsteinii kh35 before undergoing colonic surgery. (C) Fecal levels of P. goldsteinii 

kh35, quantified by qPCR, in mice before (T0) and after bacterial supplementation. N=8-9 per 

group, each dot represents one mouse; Boxplots; Kruskal-Wallis test with Dunn’s post hoc test. 

(D) Fibronectin concentration and (E) MMP-2 activity at the anastomotic wound. N = 8-9 mice 

per group; each dot represents one mouse with bars showing means ± SEM; two-tailed Student’s 

t-test. (F-J) Antibiotic (ATB)-conditioned mice received FMT from CRC patients with AL and P. 

goldsteinii kh35 supplementation before undergoing colonic surgery. (F) Fecal levels of P. 

goldsteinii kh35 before surgery quantified by qPCR. (G) Body weight, (H) Fibronectin. N = 14 

mice per group (2-3 mice per donor; 5 donors per group); P values were obtained using GEE. Data 

are represented as means ± SEM. *P<0.05, **P<0.01, ****P<0.0001.  
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Supplementary figure 7. The variable V5-V6 region of a 16S rRNA gene of Parabacteroides 

goldsteinii kh35 is similar to P. goldsteinii 2 ESV. (A) Sequence alignment of P. goldsteinii 1 

and (B) P. goldsteinii 2 ESV with P. goldsteinii kh35 16S rRNA gene copy variant using NCBI 

BLASTn. Red squares indicate mismatched nucleotides.  
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Supplementary figure 8. Parabacteroides goldsteinii kh35 improves anastomotic healing in 

germ-free mice. (A-D) Germ-free mice were gavaged with P. goldsteinii kh35 or with a pooled 

fecal sample from 4 healthy donors and were subjected to colonic surgery after 2 weeks. (A) 

Anastomotic leak (AL) score. (B) hydroxyproline and (C) fibronectin concentration at the 

anastomotic wound. N = 3-7 mice per group; each dot represents one mouse with bars showing 

means ± SEM; ANOVA with Tukey’s post hoc test or Kruskal-Wallis test with Dunn’s post hoc 

test, *P<0.05, **P<0.01, ****P<0.0001, ns, non-significant. (D) Representative picture of 

anastomotic healing in mice shows overt leak with peritonitis in a germ-free mouse (left), and 

healed anastomoses in mice colonized with the microbiota of healthy donors (middle) or with P. 

goldsteinii kh35 (right). Green arrows indicate the site of the anastomosis.  
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Supplementary figure 9. Secreted factors by Alistipes onderdonkii kh33 and Parabacteroides 

goldsteinii kh35 affect surgical colonic healing in mice. (A) SPF mice were gavaged on two 

consecutive days before surgery with supernatant from Alistipes onderdonkii kh33 (Ao kh33) or 

P. goldsteinii kh35 (Pg kh35) cultures, or with control supernatant from sterile medium. (B) Body 

weight of mice after surgery. (C) Anastomotic leak (AL) score, (D) hydroxyproline and (E) 

fibronectin at the anastomotic wound. N=5 mice per group, each dot represents one mouse with 

bars showing means ± SEM, ANOVA with Tukey’s post hoc test. (F) Splenic bacteria. Boxplots, 

Kruskal-Wallis test with Dunn’s post hoc test. (G) White blood cell count. Data are presented as 

means ± SEM, ANOVA with Tukey’s post hoc test. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. 
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Supplementary figure 10. Alistipes onderdonkii kh33 and Parabacteroides goldsteinii kh35 are 

present in the colonic mucosa and their levels are associated with postoperative anastomotic 

healing. (A-B) A. onderdonkii and P. goldsteinii 2, assessed by quantitative PCR, and the ratio of 

P. goldsteinii 2 to A. onderdonkii in (A) mucosal biopsies collected during surgery. N=9 per group; 

Mann-Whitney U test; data are represented as boxplots and (B)  in mucosal tissue collected from 

mice that received FMT from CRC patients without and with anastomotic leak (No AL and AL). 

N = 25-27 mice per group; 2-3 mice per donor; 9 donors per group; Bars are means ± SEM, GEE. 

*P<0.05, **P<0.01, ****P<0.0001.  
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Supplementary figure 11. Alistipes onderdonkii kh33 supernatant activates the NF-KB 

signaling pathway in monocytic THP-1 cells. NF-KB activation (luciferase activity) by THP-1 

cells treated with Escherichia coli LPS or with A. onderdonkii kh33 supernatant. N = 4 

experiments; bars represent means ± SEM; ANOVA with Tukey’s post hoc test. ****P<0.0001. 
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Supplementary figure 12. Basal levels of mucosal colonic cytokines in CRC patients. (A) The 

level of the following mucosal cytokines was assessed in CRC patients using a human cytokine 

multiplex assay: TNF-a, IL-1b, IL-17A/F, IL-5, IFN-g and IL-10. N=9 donors per group, each dot 

represents one donor with bars showing means ± SEM, Two-tailed Student’s t-test. (B) The level 

of the same mucosal cytokines was assessed in mice receiving FMT from donors shown in A using 

a mouse cytokine multiplex assay. Each symbol represents one mouse for a total of 54 mice 

(27/group; 3 mice per donor, 9 donors per group); Bars are means ± SEM, GEE. *P<0.05; ns, non-

significant.  
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Supplementary figure 13. Alistipes onderdonkii kh33 and Parabacteroides goldsteinii kh35 

modulate the levels of intestinal inflammatory cytokines in mice. (A-C) Fecal levels before 

surgery of interleukin 17A/F (IL-17A/F), macrophage inflammatory protein 1 alpha and 2 (MIP-

1a and MIP-2) and monocyte chemoattractant protein 1 (MCP-1) in SPF mice after gavage with 

saline or (A) A. onderdonkii kh33, (B) Alistipes indistinctus kh34, and (C) P. goldsteinii kh35. N 

= 8-9 mice per group; each dot represents one mouse with bars showing means ± SEM; two-tailed 

Student’s t-test. (D) Fecal levels before surgery of IL-17A/F, MIP-1a, MCP-1 and MIP-2 in 

antibiotic-conditioned mice that received FMT from CRC patients with AL, followed by oral 

gavage with saline or P. goldsteinii kh35. N = 14 mice per group (2-3 mice per donor; 5 donors 

per group); P values were obtained using GEE. Data are represented as means ± SEM. *P<0.05, 

**P<0.01, ****P<0.0001, ns, nonsignificant.

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2022-328389–12.:10 2022;Gut, et al. Hajjar R



 

 

24 

 

 

 
 

 

Supplementary figure 14. Fecal levels of Parabacteroides goldsteinii and Alistipes onderdonkii 

are not influenced by TNF-a blockade. P. goldsteinii and A. onderdonkii, assessed by 

quantitative PCR in fecal samples of mice before treatment with anti-TNF-a or a control isotype, 

after treatment but before surgery, and at endpoint. N=5 mice per group, each dot represents one 

mouse with bars showing means ± SEM, two-tailed Student’s t-test; ns, non-significant. 
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Supplementary figure 15. Correlation of blood monocyte and neutrophil counts and fecal 

Parabacteroides goldsteinii (qPCR), lipocalin-2 (ELISA) and calprotectin (ELISA) in CRC 

patients. Spearman correlation matrix. N=18. *P<0.05, ****P<0.0001. 
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Supplementary figure 16. Neutrophil and monocyte depletion in mice. (A) Flow cytometry 

gating strategy to evaluate the depletion of monocytes and neutrophils in mice. Leukocytes were 

selected based on forward scatter, doublets were excluded and living cells were selected using a 

viability dye (not shown). Neutrophils were gated using CD11b+/Ly6G+ whereas CD11b+/Ly6C+ 

markers were used for gating monocytes. Representative charts of one mouse per group (B) Levels 

of neutrophils (%) and monocytes (%) in the blood in mice depleted with anti-Ly6G antibody and 

clodronate liposomes. N=7-8 mice per group, two-tailed Student’s t-test, *P<0.05, **P<0.01. Bars 

represent means ± SEM.
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Supplementary table 1. Demographic, clinical, and perioperative data of patients and healthy 

donors. 

 

CRC patients 

Age (years) Sex Cancer location Stage Operation AL AL grade 

78 Male Rectum 3 TATME No NA 

39 Female Rectum 3 LAR No NA 

62 Male Transverse colon 2 
Left 

hemicolectomy 
No NA 

76 Female Sigmoid colon 3 LAR No NA 

61 Male Rectum 2 LAR No NA 

52 Male Rectum 2 LAR No NA 

79 Male Rectum 1 LAR No NA 

70 Male Rectum 2 LAR No NA 

72 Male Rectum 3 LAR No NA 

71 Male Rectum 3 LAR Yes C 

63 Male Rectum 1 LAR Yes B 

77 Male Rectum 2 TATME Yes B 

75 Female Transverse colon 1 
Subtotal 

colectomy 
Yes B 

52 Male Sigmoid colon 1 LAR Yes C 

76 Male Rectum 2 LAR Yes C 

65 Male Rectum 3 LAR Yes C 

55 Male Sigmoid colon 2 LAR Yes B 

43 Female Rectum 3 LAR Yes C 

Healthy donors 

58 Male NA NA NA NA NA 

50 Female NA NA NA NA NA 

59 Male NA NA NA NA NA 

55 Female NA NA NA NA NA 

AL, anastomotic leak; TATME, transanal total mesorectal excision; LAR, low anterior resection; 

NA, not applicable. 
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Supplementary table 2. Comparison of alpha-diversity indexes in donors and mice 

 

Alpha-

diversity 

index 

Test P-value 
P-

adjusted 
FDR Stat intConf1 intConf2 

No AL versus AL donors 

Chao1 T-test 0,5601 0,9802 0,6001 -0,6 -64 36 

Evenness Mann–Whitney 0,6665 NA NA -0,015 -0,1 0,073 

InvSimpson Mann–Whitney 1 NA NA -0,6 -13 15 

Observed T-test 0,3402 0,8611 0,5057 -0,98 -65 24 

Shannon Mann–Whitney 0,7304 NA NA -0,087 -0,58 0,48 

Simpson Mann–Whitney 1 NA NA -0,00085 -0,028 0,044 

 Mice before surgery receiving FMT from donors without and with AL 

Chao1 T-test 0,1969 0,8784 0,2954 -1,3 -32 6,7 

Evenness Mann–Whitney 0,0664 0,996 0,8424 0,026 -0,0032 0,056 

InvSimpson Mann–Whitney 0,07179 1 0,5205 2,9 -0,25 5,9 

Observed T-test 0,2433 0,8766 0,4562 -1,2 -31 8,1 

Shannon Mann–Whitney 0,2706 1 0,7066 0,12 -0,1 0,32 

Simpson Mann–Whitney 0,07179 1 0,5205 0,014 -0,00094 0,035 

Mice after surgery receiving FMT from donors without and with AL 

Chao1 T-test 0,1638 0,6513 0,2769 -1,4 -43 7,4 

Evenness Mann–Whitney 0,611 NA NA -0,0082 -0,045 0,026 

InvSimpson Mann–Whitney 0,3533 NA NA -2,3 -6,7 2,6 

Observed T-test 0,1845 0,7566 0,3954 -1,3 -36 7,1 

Shannon Mann–Whitney 0,5012 NA NA -0,085 -0,31 0,16 

Simpson Mann–Whitney 0,3533 NA NA -0,0093 -0,03 0,0093 

AL, anastomotic leak; NA, not applicable. 
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Supplementary table 3. Primers for real-time PCR 

 

Target Sequence (5’-3’) Amplicon 

size (bp) 

Reference 

16S rRNA 

gene* 

Forward CCATGAAGTCGGAATCGCTAG 
86 

Eklöf et al. 

(2017) (13) Reverse GCTTGACGGGCGGTGT 

Alistipes 

indistinctus 

Forward GCACCGCATTGGTAAACTGG 
210 This study 

Reverse GTAATCGCTTGTGCCGTTCG 

Alistipes 

onderdonkii 

Forward AGAGGCATCTCTCCGGGTT 
152 

Roager et al. 

(2013) (14) Reverse AGTCTGGTCCGTGTCTCAGT 

Parabacteroides 

goldsteinii 2 

Forward AAGCGTTAAGTAATCCACCTGG 
149 This study 

Reverse CCACTCCGGTCCGAATGC 

b-actin 
Forward AGAAAATCTGGCACCACACC 

188 
Arthur et al. 

(2017) (15) Reverse AGAGGCGTACAGGGATAGCA 

TNF-a 
Forward TTGTTCCTCAGCCTCTTCTCCTCC 

127 
Bergeron et al. 

(2003) (16) Reverse GAGGGCTGATTAGAGAGAGGT 

*16S rRNA Gene Universal Bacteria Control Primers, NEBNext® Microbiome DNA 

Enrichment Kit (New England Biolabs Inc., Ipswich, MA, USA). 
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Supplementary table 4. Demographic and clinical data of CRC patients undergoing surgery 

between 2011 and 2021. 

 

  

No AL  

(N = 360) 

AL  

(N = 135) 

Age, median (range)  66 (22-94) 65 (25-88) 

Sex Female 158 36 

Male 202 99 

CRC stage 1 71 27 

2 112 36 

3 134 46 

4 43 26 

Operation LAR 171 83 

Sigmoid colectomy 40 23 

Right hemicolectomy 93 13 

Subtotal colectomy 13 4 

Left hemicolectomy 18 4 

Extended right hemicolectomy 9 2 

Transverse colectomy 1 0 

Robotic LAR 8 2 

TaTME  5 3 

Proctectomy and right 

hemicolectomy/ileocolic resection 
2 1 

AL, anastomotic leak; CRC, colorectal cancer; LAR, low anterior resection; TaTME, Transanal 

total mesorectal excision 
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