
                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: sif.soci@segr.it; sifcese@comm2000.it  

MODELLO PER INVIO RELAZIONE DI METÀ E FINE PERIODO 
 
 
NOME E COGNOME:  Paola De Cicco  
 
UNIVERSITÀ: Università degli studi di Napoli Federico II  
 
DIPARTIMENTO (in caso di borsa per soggiorno all’estero specificare l’ente presso cui si è svolta la 

ricerca): Sir William Dunn School of Pathology, University of Oxford (UK)  

TUTOR (in caso di borsa per soggiorno all’estero specificare il tutor dell’ente presso cui si è svolta la 

ricerca): Dr Kevin Maloy  

TIPOLOGIA DI BORSA RICEVUTA: BORSA DI STUDIO MSD per l'estero  
 
TIPOLOGIA DI RELAZIONE (es.: metà periodo o finale): finale  
 
TITOLO DELLA RELAZIONE:  

Modulation of the immune response by hydrogen sulfide (H2S) in a model of 

colitis-associated cancer. 

 

BACKGROUND  

Chronic inflammation is now accepted as a key component of tumors as it plays decisive 

roles at different stages of tumor progression and development, including initiation, 

promotion, malignant conversion, invasion, and metastasis (Hanahan and Weinberg, 2011. 

Cell. 144: 646-74). The predominant immune cells, both in terms of number and functions, 

supporting tumor growth and progression, found within the tumor microenvironment are 

the myeloid-derived suppressor cells (MDSCs), a heterogeneous population of immature 

cells of myeloid origin, composed of precursor of macrophages, granulocytes and dendritic 

cells. In tumor bearing mice two distinct subtypes of MDSCs have been identified: 

CD11b+Ly6G+Ly6Clow MDSCs which are morphologically similar to polymorphonuclear 

granulocytes (Gr-MDSCs) and CD11b+Ly6G-Ly6Chigh MDSCs which have a monocytic 

phenotype (Mo-MDSCs). Both types of MDSCs subsets have the ability to suppress T cells 

activity by different mechanisms as: increased enzymatic activity of Arginase-1 and iNOS, 

which are important for L-arginine starvation and the inhibition of T cell signaling; 

production of ROS and peroxynitrite; depletion of cysteine from the extracellular 
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microenviroment that is required for T cell activation and function (Schouppe et al., 2013. 

Immunobiology 218:1385– 1391; Srivastava et al., 2010. Cancer Res. 70, 68–77). Gr-MDSCs 

and Mo-MDSCs populations, similar to those observed in cancer, have also been described in 

inflammation and autoimmunity, although the importance of these cells type remains 

undetermined (Zhu et al., 2007. J. Immunol. 179, 5228-5237; Ioannou et al., 2012. J. 

Immunol. 188, 1136-1146). Haile et al. found that MDSCs expanded in the spleen and in the 

intestine of mice following the induction of colitis hypothesized that these cells could 

suppress T-cell responses protecting mice from chronic enterocolitis in a T cell-dependent 

model of inflammatory bowel disease (IBD) (Haile et al., 2008. Gastroenterology. 135, 871-

881). IBDs (Crohn’s disease and ulcerative colitis) are chronic, relapsing diseases of the 

gastrointestinal tract of unknown etiology and characterized by a dysregulated immune 

response to commensal enteric antigens (Abraham et al., 2009. N. Engl. J. Med. 361, 2066-

2078). IBD patients have an increased risk of developing colon cancer, in fact the 

exaggerated inflammatory responses toward the intestinal microbiota increase the risk of 

colon cancer twofold (Eaden et al., 2001.Gut. 48, 526-535). Therefore, microbe-induced 

inflammatory pathways are important drivers of carcinogenesis in malignancies like 

Helicobacter pylori–induced gastric cancer and colitis-associated cancer (Trinchieri et al., 

2012. Annu. Rev. Immunol. 30, 677-706). 

Recently, it has been demonstrated that Hydrogen sulphide (H2S) promote the resolution of 

colitis and enhance ulcer healing (Wallace et al., 2009. Gastroenterology.137, 569-578; 

Wallace et al., 2007. FASEB J. 21, 4070-4076). H2S is an endogenous gaseous signaling 

molecule that regulates various physiological and pathophysiological functions. In particular, 

H2S exhibits several anti-inflammatory effects such as reduction of edema formation and 

suppression of pro-inflammatory cytokines release (Chan and Wallace, 2013. Am J Physiol 

Gastrointest Liver Physiol. 305(7), G467-73). In mammals, H2S is endogenously produced 

from sulfur-containing amino acids as L-cysteine by four separate enzymes that are 

cystathionine gamma-lyase (CSE, EC 4.4.1.1), cystathionine beta-synthase (CBS, EC4.2.1.22), 

cysteine aminotransferase (CAT, EC 2.6.1.3) and 3-mercaptopyruvate sulfurtransferase (3-

MST EC 2.8.1.2). H2S is also generated from dietary sulfate metabolism in the lumen of the 

large intestine by anaerobic sulfate-reducing bacteria (Levine et al., 1998. Am. J. 

Gastroenterol. 93, 83–87). Clinical studies indicate that inflammatory bowel diseases are 
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associated with an increase in the colonization of the intestine by sulfate-reducing bacteria 

(Gibson et al., 1991. FEMS Microbiol. Lett. 86, 103–111; Pitcher et al., 1996. Gut. 39, 1–4; 

Roediger et al., 1997. Dig. Dis. Sci. 42, 1571–1579; Kanazawa et al., 1996. Cancer. 77, 1701–

1706). Among these bacteria Helicobacter species, that colonize the lower bowel and biliary 

tract of mice, have been associated with the development of colitis resembling human IBD in 

susceptible hosts. Further, Helicobacter hepaticus infection has been demonstrated to 

exacerbate the development of cancer at both intestinal and extraintestinal sites. Targeted 

bacterial infection with H. hepaticus in 129SvEvS6.Rag2−/− mice lacking lymphocytes lead to 

colitis-associated colorectal cancer (CAC) with malignancy invading the peritoneal cavity. 

However, immunologically intact 129 WT mice infected with H. hepaticus did not develop 

carcinoma (Fox et al., 2011. Mucosal Immunol. 4(1), 22-30). 

 

AIM 

Although innate immunity is sufficient for development of cancer, the nature of immune 

cells that mediate the transition from intestinal inflammation to colon cancer requires 

further investigation. Therefore, the aim of my project was to verify if MDSCs could take part 

in the development of colitis-associated cancer in 129SvEvS6.Rag2-/-mice upon infection 

with H. hepaticus and to establish the effect of H2S on the immune cells involved in this 

process. 

 

MATERIALS AND METHODS 

Induction of H. hepaticus colitis. H. hepaticus NCI-Frederick isolate 1A (strain 51449) was 

grown on blood agar plates containing trimethoprim, vancomycin, and polymyxin B under 

microaerophilic conditions. Cultures were expanded for 3–4 d in TSB (Oxoid) containing 10% 

FCS (GIBCO BRL) and Helicobacter-free 129SvEvS6Rag2-/- mice were fed three times on 

consecutive days with H. hepaticus 1A (1.0 x 108 CFU) by oral gavage. Mice were sacrificed at 

different time points after H. hepaticus infection (3-6 and 9 weeks). 

In vivo treatment. Therapeutic administration of H2S releasing compound, DATS (50mg/Kg) 

or L-cysteine (1000mg/Kg), was started at week 4th after H. hepaticus infection in 
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129SvEvS6Rag2-/- mice, when the inflammation was already fully developed, and was 

continued for 14 days until the end of the experiment. Treatment groups were mixed in 

cages to minimize cage effects. The infected mice were treated once a day by oral gavage. 

The controls mice received the vehicle (PBS).  

Assessment of intestinal inflammation. Mice were killed when symptoms of clinical disease 

(diarrhea) became apparent in control groups, usually around 6 weeks after initiation of 

experiments. Samples of cecum and proximal, mid and distal colon were immediately fixed 

in buffered 10% formalin. Four to five microns of paraffin-embedded sections were stained 

with hematoxylin and eosin, and inflammation was graded according to the following scoring 

system. Each sample was graded semiquantitatively from zero to three for four criteria: (1) 

degree of epithelial hyperplasia and goblet cell depletion; (2) leukocyte infiltration in the 

lamina propria; (3) area of tissue affected; and (4) the presence of markers of severe 

inflammation such as crypt abscesses, submucosal inflammation, and ulcers. Scores for each 

criterion were added to give an overall inflammation score for each sample of 0–12. Scores 

from proximal, mid, and distal colon were averaged to obtain inflammation scores for the 

colon. Sections were scored in a blinded fashion to avoid bias. 

Isolation of leukocyte subpopulations and FACS staining. Cell suspensions from spleen and 

colon from infected and uninfected 129SvEvS6Rag2-/- mice were prepared as described 

below. Colons were longitudinally opened, cut into 1-cm pieces, and incubated (three times) 

in RPMI 1640 with 10% FCS and 5 mM EDTA at 37°C to remove epithelial cells. Tissue was 

then digested with collagenase VIII/DNase I solution for 45 min at 37°C. The isolated cells 

were layered on a 30/40/75% Percoll gradient, which was centrifuged for 20 min at 600 g, 

and the 40/75% interface, containing mostly leukocytes, was recovered. Spleens were 

crushed in petri dish on filter with syringe. The cells were collected and resuspend in ACK for 

the lysis of red blood cells and then centrifuge at 1500 rpm for 5 min. Aliquots of 5 x 105 cells 

were were washed in FACS buffer (PBS, 0.1% BSA), incubated with a fixable viability dye and 

anti-Fc receptor ( CD16/32), and stained for flow cytometric analysis using combinations of 

the following antibodies: PerCP-Cy5.5-conjugated anti-CD11b, PE-anti-Ly6G, FITC-conjugated 

anti-Ly6C, Violet1-coniugated anti-CD45. Cells were washed in FACS buffer and analyzed by 

Dako Cyan Flow cytometry.  
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H2S Synthesizing Activity in colon. Samples of the colon of 1-cm from infected and 

uninfected 129SvEvS6Rag2-/- mice were taken from the proximal, mid and distal region, snap 

frozen in liquid nitrogen and stored at -80°C until the H2S assay was performed. Colon pieces 

were homogenized in ice-cold 100 mmol/L potassium phosphate buffer (pH = 7.4), sodium 

orthovanadate 10 mM, PMSF 100mM and protease inhibitor cocktail (Sigma-Aldrich, St. 

Louis, MO, USA) with a FastPrepTM 24 homogeniser, and the protein concentration was 

determined using the Bradford assay. H2S synthesis from colon tissue homogenates was 

measured in the presence of the exogenous substrate L-cysteine and the cofactor required 

by H2S-producing enzymes, pyridoxal 5’-phosphate (P5P) and in the presence of the CSE 

inhibitor (DL-propargylglycine; PAG) or CBS inhibitor (O-carboxymethyl-hydroxylamine 

hemihydrochloride; CHH). The lysates were added in a reaction mixture (total volume 500 

μL) containing P5P (2 mM, 20 μL), L-cysteine (10 mM, 20 μL) and saline (30 μL) or P5P (2 

mM, 20 μL), L-cysteine (2 mM, 20 μL) and CHH/PAG (30 μL). The reaction was performed in 

parafilm-sealed Eppendorf tubes and initiated by transferring tubes from ice to a 37°C water 

bath. After 40 min incubation, zinc acetate 1% (ZnAc; 250 μL) was added to trap any H2S 

emitted followed by trichloroacetic acid 10% (TCA; 250 μL). Subsequently, N,N-

dimethylphenylendiammine sulphate 20 μM (DPD; 133 μL) in 7.2 M HCl and FeCl3 (30 μM, 

133 μL) in 1.2 M HCl were added. After 20 min, absorbance values was measured at 670 nm 

with a microplate reader and H2S concentration was calculated against a calibration curve of 

NaHS (3.12–250 μM). Results are expressed as nmol mg−1 protein min−1.  

Expression of CSE and CBS protein 

CBS and CSE intestinal levels was performed by Western blot analysis of colonic and cecal 

tissues on either healthy mice or in mice 6 weeks following the induction of colitis. Tissue 

homogenates were obtained as described above. Equal amounts of protein (40 µg) were 

loaded onto a 10% gel, subjected to SDS-PAGE, and electrotransferred onto polyvinylidene 

difluoride (PVDF) membranes (Hybond-P PVDF Membrane, Amersham Biosciences, 

Buckinghamshire, UK. The membranes were blocked for 2 h in 5% low-fat milk in PBS with 

0.1% Tween 20 (PBST) at room temperature. Then the filters were incubated with the 

following primary antibodies: CSE (1:500 dilution, Proteintech), CBS (1:500, Novus 

Biological), GAPDH (1:1000 dilution, Santa Cruz Biotechnology) overnight at 4°C. The 

membranes were washed three times with PBST and then incubated with HRP-conjugated 
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anti-mouse or anti-rabbit IgG (1:2000, Cell Signaling) for 2h at room temperature. The 

immune complexes were detected by the ECL chemiluminescence method (Thermo Fisher 

Scientific). 

Quantification of mRNA levels by real-time PCR.  

Isolated tissues (from colon or cecum) were snap-frozen in liquid nitrogen. Tissue material 

-mercaptoethanol using FastPrepTM 24 

homogeniser (MP Biomedicals) with lysing matrix D beads (MP Biomedicals). RNA isolation 

was performed using the RNeasy kit (QIAGEN). Content and purity of RNA was controlled 

with a NanoDrop spectrophotometer (Thermo Fisher Scientific). cDNA synthesis was 

performed using the Superscript III reverse transcription kit from Invitrogen. Quantitative 

real-time PCR for the candidate genes was done using SYBR green chemistry (SensiMix; 

Bioline). cDNA samples were analyzed in triplicate using the CFX96 detection system (Bio-

Rad Laboratories) and values were normalized on Hprt expression. The following primer 

pairs were used for the quantification of gene expression in mouse tissue with SYBR green: 

Cystathionine beta-synthase isoform 1, 5’-CCAGGCACCTGTGGTCAAC-3’ and 3’-

GGTCTCGTATTGGATCTGCT-5’; Cystathionine gamma-lyase, 5’-TTCCTGCCTAGTTTCCAGCAT-3’ 

and 3’-GGAAGTCCTGCTTAAATGTGGTG-5’. Primers for Hprt (Mm01545399_m1), was 

obtained from Applied Biosystems. Analysis was performed according to the -Ct method.  

Quantification of H. hepaticus using Real-time PCR. DNA was purified from cecum content 

taken from H. hepaticus–infected mice using the DNA Stool kit (QIAGEN). H. hepaticus DNA 

was quantified as described using a real-time PCR method based on the cdtB gene, 

performed with the ABI prism Taqman 7700 sequence detection system (PE Biosystems). 

Standard curves were constructed using H. hepaticus DNA that was purified from bacterial 

cultures using the DNeasy kit (QIAGEN). 

Bone Marrow Derived Macrophages (BMDMs). Bone marrow cells were isolated from 

femur and tibia of C57/BL6 mice and were cultured in L929 fibroblast conditioned RPMI 

1640 medium (containing 15% L929 supernatant and 10% FCS) for 7 d. The resulting 

macrophages were stimulated over night with 1 μg/ml LPS or 20 MOI of live H. hepaticus. 

Cells were pre-incubated with DATS (10µM) 30 minutes before the stimulation with LPS or H. 
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hepaticus. Then the supernatants were collected for the detection of IL-6 and TNFα 

cytokines by ELISA. 

 

RESULTS 

MDSCs accumulate during H. hepaticus infection in spleen and in colon. 

To investigate whether MDSCs are involved in bacteria-induced CAC, we used an innate model of 

colitis in which genetically susceptible T cell– and B cell–deficient 129SvEvS6Rag2-/-
 mice were 

infected with H. hepaticus and sacrificed after 3 or 6 weeks  (Fig. 1).  

 

 

Fig.1. Experimental design 

 

 

In this setting, mice develop severe intestinal inflammation, characterized by marked epithelial cell 

hyperplasia, extensive inflammatory infiltrates, and goblet cell depletion that is entirely 

dependent on innate immunity (Fig. 2). In presence of the carcinogen AOM this chronic 

inflammation could progress to invasive colorectal cancer within 3–5 months (Nagamine et al., 

2008. Int. J. Cancer. 122, 832-838).  
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Fig.2. Scores of colon and cecal inflammation assessed by histological analysis. Each symbol represents an 

individual mouse. 

 

 

Using flow cytometry we were able to distinguish the two main MDSCs subpopulation (Mo-

MDSCs and Gr-MDSCs) in the colon and spleen from H. hepaticus infected mice. The most 

useful marker combination to distinguish Mo-MDSCs and Gr-MDSCs is represented by the 

mixture whit CD11b and Gr-1 protein isoform (Ly6C and Ly6G) in leucocytes gated for CD45+ 

(Fig.3). 

 

Fig.3. Identification of MDSC in spleen and colon of 129.Rag2
-/-

 mice 

 

 

Thus, we found that the progressive intestinal inflammation induced by H. hepaticus in 

129.Rag2-/- mice went along with a significantly time-dependent increase in the frequency of 

CD11b+Ly6G+Ly6Clow (Gr-MDSCs) and CD11b+Ly6G-Ly6Chigh (Mo-MDSCs) cells in the colon, 
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compared with uninfected 129.Rag2-/- mice. In particular, we observed a higher 

accumulation of the Gr cells than the Mo cells especially at 6 weeks (20 fold), (Fig. 4). 

 

 

 

 

Fig.4. Time- course showing frequencies of Mo-MDSCs and Gr-MDSCs gated on CD11b
+
CD45

+
 in colon of 

129.Rag2
-/-

 mice infected with  H. hepaticus. ***P < 0.001 vs uninfected (CTL). Each symbol represents 

an individual mouse. 

 

 

In addition to the marked intestinal changes, we also observed significant splenomegaly in 

129.Rag2-/- infected mice (Fig. 5A) due to substantial increases in the numbers of 

CD45+/CD11b+ cells. Also in the spleen we found a predominant expansion of Gr-MDSCs at 

each times considered (Fig.5B). 
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Fig.5. A) Spleen weight during H. hepaticus infection; B) Frequencies of Mo-MDSCs and Gr-MDSCs gated 

on CD11b
+
CD45

+
 in spleen of 129.Rag2

-/-
 mice after 3 and 6 weeks of H. hepaticus infection. ***P < 

0.001 vs uninfected (CTL). Each symbol represents an individual mouse. 

 

 

Colonic H2S synthesis is markedly reduced after H. hepaticus induced colitis.  

The majority of H2S production in mammalian tissue is enzymatically regulated with the pyridoxal-

5′-phosphate (P5P)-dependent enzymes cystathionine-beta-synthase (CBS) and cystathionine-

gamma-lyase (CSE). Both enzymes were constitutively expressed in the colon and in the cecum of 

healthy mice (Fig. 8 and 11). In particular, in the colon of healthy 129.Rag2-/- mice CBS appears to 

A 

B 
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be the major source of H2S synthesis. Even if there was no substantial difference in the CBS/CSE 

gene or protein expression we found that the capacity of healthy colonic tissue to synthesize H2S 

occurred mainly via the enzyme CBS (Fig. 6A). Infact, when H2S synthesis was measured in colonic 

samples from healthy mice in presence of the inhibitor of CBS (CHH, 3 mmol/L) or CSE (PAG; 10 

mmol/L), we observed that CHH reduced H2S synthesis by ∼65% (***P < 0.001, vs control treated 

with the substrate only, L-cysteine 4 mmol/L) whereas the CSE inhibitor (PAG) had any effect (Fig. 

6B). This results suggest that changes in enzyme activity, rather than expression, accounted for the 

H2S production in the colon. 

 

 

 

Fig.6 A) mRNA expression of CBS and CSE in colon tissues from healthy Rag2
-/-

 mice. B) H2S synthesis measured in 

colon samples from healthy controls, in the absence or presence of inhibitors of CHH (3 mmol/L) and PAG (10 

mmol/L).  ***P < 0.001 vs control.         

 

 

Sustained inflammation in the colon, accompanied with an increased number of MDSCs in H. 

hepaticus-infected mice was, instead, inversely correlated with H2S production. Indeed, we 

observed a marked reduction (**P<0.01) in H2S synthesis at 3 and 6 weeks after H. hepaticus 

infection (Fig.7). The reduced capacity of inflamed colon to synthesize H2S was due to a 

marked reduction of CBS expression. Analysis of both protein and mRNA of CBS in colon 
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homogenates from mice after 6 weeks of H. hepaticus infection confirmed that the enzyme 

was significantly reduced in infected mice compare to the healthy ones. Differently, CSE 

expression was unvaried during colitis development (Fig. 8).  

 

 

 

Fig.7. Hydrogen sulphide synthesis in the colon of healthy and H. hepaticus infected mice. **P<0.01 vs 
uninfected.         

 

 

 

 

Fig.8. A) Western blot and B) real-time PCR analysis of CSE and CBS enzyme in colon of uninfected (CTL) 

and in H. hepaticus-infected Rag2
-/-

 mice after 6 weeks. ***P <0.001 vs CTL. 
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CSE is the major contributor to P5P-dependent H2S synthesis in the cecum of 

both healthy and in infected mice 

Production of H2S in the cecum of healthy 129.Rag2-/- mice is mainly supported by CSE 

enzyme. Both expression and enzymatic activity of CSE was greater than CBS (Fig. 9 A and B). 

Moreover, when H2S synthesis was measured in cecum samples from healthy mice in 

presence of CHH (3 mmol/L) or PAG (10 mmol/L), we observed that only PAG was able to 

reduce significantly H2S synthesis by ∼90% (***P < 0.001, vs control treated with the 

substrate only, L-cysteine 4 mmol/L).  

During colitis development despite having decreased expression of the CBS enzyme in the 

cecum, colonic H2S production in H. hepaticus-infected mice was not significantly different 

from that in uninfected mice and was higher than in the colon (Fig. 10-11). These data 

suggest that CSE is the predominant source of P5P-dependent H2S synthesis by healthy and 

inflamed mouse cecum. 

 

 

 

Fig.9 A) mRNA expression of CBS and CSE in cecum from healthy Rag2
-/-

 mice. B) H2S synthesis measured in 

cecal samples from healthy controls, in the absence or presence of inhibitors of CHH (3 mmol/L) and PAG (10 

mmol/L).  ***P <0.001 vs control. 
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Fig.10. Hydrogen sulphide synthesis in the cecum of healthy (CTL) and H. hepaticus infected mice. 

      

 

 

 

Fig.11. A) Western blot and B) real-time PCR analysis of CSE and CBS enzyme in cecum of uninfected 

(CTL) and in H. hepaticus-infected Rag2
-/-

 mice after 6 weeks. **P < 0.01 vs CTL. 
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H2S reduces the severity of colitis and the associated Gr-MDSCs  

Having established that H2S synthesis in inflamed colon is markedly reduced we examined the 

effect on colitis and on the MDSCs accumulation during colitis of administration of H2S in H. 

hepaticus- infected mice. Enhancement of H2S levels in vivo can be boosted by administration of 

the precursor amino acid, L-cysteine, or by using H2S-donors, compounds that are able to release 

small or large amount of this gas in quickly or slowly manner. Diallyl trisulfide (DATS) is an organic 

polysulphide compound extract from the garlic that is capable of the release of H2S over a long 

period of time. 129.Rag2-/- mice were fed with H. Hepaticus (1.0 x 108 CFU) for three consecutive 

days and after 4 weeks, when the inflammation was already established, they were treated daily 

with L-cysteine (1g/Kg) or DATS (50mg/Kg) or vehicle (PBS) for two weeks. We found that only 

DATS  led to a partial reduction of inflammation in the colon (*P<0.05) but not in the cecum (Fig. 

12 A and 13). In these mice inflammation was strongly reduced in the distal part of the colon 

compared with  H. Hepaticus –infected mice treated with PBS. Some degree of inflammation was 

still found in the mid and in the proximal part of the colon (Fig. 12) and in the cecum (Fig. 13).  

 

 

Fig.12. Colitis score and representative photomicrographs  (magnification X50) of H&E-stained proximal,  middle and 

distal colon isolated from healthy 129 Rag2
-/-

 mice (A) and H. hepaticus-infected for 6 weeks treated with PBS (B), 

DATS (C) or L-cys (D). Each symbol represents a single animal.*P < 0.05. 
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Fig.13. Typhlitis score and representative photomicrographs (magnification X 50) of H&E-stained cecum isolated from 

healthy 129 Rag2
-/-

 mice (A) and H. hepaticus-infected for 6 weeks treated with PBS (B), DATS (C) or L-cys (D). Each 

symbol represents a single animal. 

 

 

 

The anti-inflammatory effect of DATS was not linked to a change in bacterial burden, as cecal colonization 

by  H. Hepaticus was found to be equivalent in all infected mice (Fig. 14). 

  

 

 

 

 

 

 

 

 

Fig.14. Quantification of H. hepaticus DNA in cecum content samples by using a real-time PCR assay. Each symbol 

represents a single animal. 
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To examine wether DATS was able to attenuate intestinal inflammation by reducing the innate immune 

response driving the colitis, we isolated leukocytes from colon tissues and spleen of 129SvEvRag2-/- H. 

hepaticus–infected mice treated with DATS and L-cys and isotype control mice and analyzed the frequency 

of MDSCs by flow cytometry. As expected, H. hepaticus–mediated inflammation was associated with an 

increase in the frequency of CD11b+Ly6G+Ly6Clow (Gr-MDSCs) and CD11b+Ly6G-Ly6Chigh (Mo-MDSCs) cells in 

the colon and in the spleen. Treatment with DATS and with L-cys resulted in a decrease in the frequency 

(*P<0.05 vs PBS) and in the absolute number (*P<0.05, L-cys vs PBS; **P<0.01, DATS vs PBS) of Gr-MDSCs  

in the colon, although it did not affect frequencies in the spleen. DATS nor L-cys modified the number of 

Mo-MDSCs in the colon or in the spleen suggesting a localized anti-inflammatory effect . (Fig. 15 A and B). 
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C 

 

 

 

 

 

Fig.15. Representative FACS plot of leucocytes isolated from colon (A) and spleen (C) of 129.Rag2
-/-

 mice 

after 6 weeks of H. hepaticus infection with or without treatment with DATS or L-Cys, showing 

Ly6G
+
Ly6C

low
 (Gr-MDSCs) and Ly6G

-
Ly6C

high
 (Mo-MDSCs) gated on CD11b

+
CD45

+
. Frequencies and 

absolute number of Mo-MDSCs and Gr-MDSCs in colon  (B)  and in spleen (D) of 129.Rag2
-/-

 mice after 6 

weeks of H. hepaticus infection treated or not with DATS or L-Cys. 
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These results were also supported by in vitro experiments that demonstrate the anti-

inflammatory activity of H2S on BMDMs. As shown in Fig 16 stimulation with H. hepaticus 

bacteria (20 MOI) induced a huge production of the pro-inflammatory cytokines IL-6 and 

TNFα in BMDMs cells.  The concentration of these cytokines was 3-fold higher in the 

supernatants of H. hepaticus activated macrophages than in the LPS activated ones. The o.n. 

treatment with DATS (10µM) significantly inhibited (***p<0.001) IL-6 and TNFα generation 

in both H. hepaticus and LPS-stimulated macrophages (Fig. 16). 

 

 

 

 

Fig.16. Effect of the hydrogen sulphide donor DATS on IL-6 and TNFα production in BMDMs. 
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DISCUSSION 

Tumorigenesis induced by chronic inflammation has been associated with several human 

inflammatory disease, including IBD. In IBD patients the dysregulated immune response toward 

the intestinal microbiota increase the risk of colon cancer twofold (Eaden et al., 2001.Gut. 48, 526-

535). H. hepaticus is a gram-negative, spiral-shaped, microaerophilic bacterium that is found 

predominantly in the cecum and colon and it is the main pathogen involved in inflammatory bowel 

disease. H. hepaticus infection of Helicobacter-free 129SvEv/Rag2-/- mice induces a significant and 

severe inflammation in the colon and in the cecum and also splenomegaly, even in the absence of 

T cell reconstitution (Maloy et al., 2003. JEM. 197(1), 111-119). H. hepaticus is also an important 

driver of tumorigenesis leading to the development of colitis-associated colorectal cancer (CAC) in 

129SvEv/Rag2-/- (Fox et al., 2011. Mucosal Immunol. 4(1), 22-30). 

It is well known that chronic inflammation promotes tumor development through various 

mechanisms including the production of proangiogenic factors, matrix metalloproteinases 

(MMPs), and damage-associated molecular pattern molecules (DAMPs), all of which drive MDSC 

accumulation and MDSC suppressive functions (Shacter and Weitzman, 2002. Oncology. 16:217–

226) . MDSCs are a heterogeneous population of immature myeloid cells that contribute to tumor 

growth and progression by suppressing T-cells anti-tumor function and modulating innate immune 

responses (Gabrilovich and Nagaraj, 2009. Nat. Rev. Immunol. 12, 253-268).  

In this study we demonstrate for the first time that MDSCs mediate significant intestinal 

inflammation upon stimulation with pathogenic H. hepaticus and that H2S is able to reduce their 

accumulation in the colon contributing to the resolution of colitis driving colon-cancer.  

In particular, we found that that development of colitis in H. hepaticus-infected 129SvEvS6/Rag2-/- 

mice was accompanied by increasing of MDSCs in lymphoid and nonlymphoid tissue in time-

dependent manner. All murine MDSCs express the plasma membrane markers Gr1 and CD11b. 

The granulocyte marker Gr1 includes the isoforms Ly6C and Ly6G. The differential expression of 

these molecules distinguishes Mo-MDSCs from Gr-MDSCs. Mo-MDSCs are CD11b+Ly6G-Ly6Chigh 

and Gr-MDSCs are CD11b+Ly6G+Ly6Clow. Both in the spleen and in the colon the Gr-MDSCs was the 

predominant subtype. The Gr-MDSCs represent the population that mainly expands during tumor 

progression and their activity depend on Arginase1 and the signal transducer and activator of 

transcription 3 (STAT3) (Gabrilovich et al., 2009. Nat Rev Immunol. 9(3), 162-74).   

mailto:sif.soci@segr.it
mailto:sifcese@comm2000.it


                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: sif.soci@segr.it; sifcese@comm2000.it  

Hydrogen sulphide is an endogenous mediator that exhibits several anti-inflammatory activities 

and contribute to gastric mucosal defense (Fiorucci et al., 2005. Gastroenterology. 129, 1210-

1224; Zanardo et al., 2006. FASEB J. 20, 2118-2120). Recently, it has been demonstrated that it 

promotes the resolution of colitis and enhances ulcer healing in rats (Wallace et al., 2009. 

Gastroenterology.137, 569-578; Wallace et al., 2007. FASEB J. 21, 4070-4076). In the present study 

we have demonstrate that colonic H2S synthesis was significantly reduced after 3 and 6 weeks of 

H. hepaticus-induced colitis. The primary source of H2S in the colon of healthy mice is CBS, while 

CSE makes an important contribution in the cecum. Reduction of  H2S synthesis is attributed to a 

down-regulation of CBS protein and mRNA expression in both colon and cecum during colitis 

development. In these infected mice administration of DATS, an exogenous releaser of H2S, 

partially reduced inflammation in colon.  This anti-inflammatory effect was not due to eradication 

of the bacteria or decreased levels of colonization but was might linked to the ability of H2S to 

reduce Gr-MDSCs subset in the colon and also to inhibit the pro-inflammatory activity of H. 

hepaticus by reducing the production of TNFα and IL6, as demonstrated by in vitro experiments on 

BMDMs . 

Taken together, these results suggest that H2S may have a protective role in intestinal H. 

hepaticus-induced inflammation, thanks to its ability to reduce the inflammatory response 

orchestrated by MDSCs that could trigger to colorectal cancer in presence of carcinogen agent. 
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