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Introduction
Ulcerative colitis (UC) and Crohn’s disease (CD) are character-
ized by an immune-mediated inflammation of the gastrointes-
tinal (GI) tract. Both inflammatory bowel diseases (IBDs) are 
thought to result from dysregulated interactions of the commen-
sal microbiota, the intestinal epithelium (IE), and the mucosal 
humoral and cellular immune network (1). Genetic, geographic, 
microbial, and habitual factors contribute to the pathogenesis of 
IBD (2). As biologic agents targeting these complex interactions 
induce remission in not more than 50% of the patients (3–5), novel  
therapeutic approaches are urgently required. The intestinal 
microbiota plays a critical role in the development of IBD, as it 
influences the nutrient metabolism and immune responses of the 
host. Fecal microbiota transfers (FMTs) are currently discussed 
as treatment for IBD (6–8).

One promising medical target is the semiessential amino acid 
l-arginine, a central intestinal metabolite, which is converted  
by the isoenzymes arginase 1 (Arg1) and Arg2 into ornithine 

and urea. Mitochondrial Arg2 is widely distributed in extrahe-
patic tissues (9). Although Arg2 is predominantly constitutively 
expressed, bacterial LPS, for example, has been shown to upreg-
ulate Arg2 expression in myeloid cells (10, 11). The cytoplasmic 
Arg1 is efficiently induced by microbial compounds, hypoxia, 
and Th2 cytokines in myeloid, endothelial, and epithelial cells 
(12–15). Constitutive expression of Arg1 is found in hepatocytes 
(16), innate lymphoid 2 cells (ILC2s) (17, 18), and rat and human 
fibroblasts (19–22). Numerous studies have reported an involve-
ment of Arg1 in immune cell (dys)function. For example, Arg1 
can either promote or inhibit T cell proliferation, which results 
from an increased availability of polyamines and impaired nitric 
oxide (NO) production or from depletion of l-arginine as a build-
ing block for the synthesis of multiple metabolites and proteins, 
respectively (23). Ornithine, one of the metabolic products of 
Arg1, serves as precursor for the synthesis of polyamines and pro-
line, which are involved in the regulation of cell proliferation and 
collagen synthesis, respectively. Thus, organ fibrosis, tissue repair, 
and wound healing are regarded as classical examples of Arg1- 
dependent processes (24, 25).

Polyamines are synthesized not only by mammalian cells, but 
also by microorganisms. Bacteria synthesize polyamines from l- 
arginine as well as from l-lysine, l-ornithine, and l-aspartic acid 
(26). Bacteria in the gut represent an important source of polyam-
ines (27). Furthermore, several microbes use the l-arginine pool 
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IBD patient cohorts as well as in biopsies from the sigmoid colon 
of UC patients, a higher inflammatory score correlated with up to 
20 times higher Arg1 mRNA levels (Figure 1, A and B), implying 
a prominent role of Arg1 in the pathogenesis of IBD. Therefore, 
we investigated the impact of Arg1 on the resolution of intestinal 
inflammation in different experimental colitis models.

Arg1 in the intestine is regulated in a cell-specific manner. Under 
physiological conditions, the intestine is characterized by a hypoxic  
microenvironment (42) that on its own is sufficient to cause upreg-
ulation of Arg1 (43). To identify Arg1+ cell types in naive and colitic 
mice, we studied the distribution of Arg1 in intestinal tissues 
before and after application of DSS. We also analyzed the expres-
sion of Arg1 in different cell populations in vitro following expo-
sure to various bacteria and oxygen concentrations.

Constitutive expression of Arg1 mRNA was detectable in 
intestinal epithelial cells (IEC), myeloid cells, and ILC2s from 
naive mice (Figure 1C and Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI126923DS1). Following DSS treatment, upregulation of Arg1 
mRNA was readily seen in the lamina propria (LP), myeloid cells, 
and IECs, but not in unseparated IE or in purified ILC2s (Figure 
1C and Supplemental Figure 1, A and B). Arg1-expressing cells in 
mesenteric lymph nodes (mLNs) and colonic tissues were pre-
dominantly positive for CD11b after DSS application, as shown by 
using confocal laser scanning fluorescence microscopy (CLSFM), 
whereas no coexpression was detected in naive mice (Figure 1, 
D–F). A comparable upregulation of Arg1 in intestinal tissues was 
also observed after the application of oxazolone (Supplemental 
Figure 2A). Although Arg1+ cells in the colon of DSS-treated mice 
hardly coexpressed CD31, we observed an expression of Arg1 by 
murine endothelial cells in response to E. coli under hypoxic con-
ditions in vitro (Supplemental Figure 1C), suggesting that endo-
thelial cells form an additional source of Arg1. This has also been 
previously observed with human intestinal microvascular endo-
thelial cells after exposure to LPS/TNF (38).

Arg1 expression in intestinal tissues requires intestinal microbi-
ota and IL-4/IL-13. To assess the influence of gut microbiota on 
Arg1 expression, we obtained organs and cells from germ-free 
(GF) mice, specific pathogen–free (SPF) mice, or SPF mice treated 
with broad-spectrum antibiotics. We observed a 10-fold reduction 
of Arg1 mRNA in the colon of naive GF mice compared with SPF 
mice. A similar significant reduction of Arg1 was observed in cells 
purified from the LP of GF mice (Figure 2A). The colonic tissue of 
SPF mice that were treated with broad-spectrum antibiotics also 
contained significantly lower Arg1 mRNA copy numbers com-
pared with that of untreated SPF controls before and after DSS 
application (Figure 2B).

IL-4 and IL-13 are among the cytokines that are induced 
upon DSS application (44) and are regulated by commensal 
bacteria (45). Both cytokines promote DSS-mediated intestinal 
damage (46, 47). Here, they were found to be critical for the 
induction of Arg1, as documented by the strongly decreased 
Arg1 expression in Il4/Il13–/– mice compared with WT littermates 
(Figure 2C). Both cytokines and the intestinal microbiota also 
perpetuated the expression of Arg1 in the colon following appli-
cation of oxazolone (Supplemental Figure 2, B and C). Together,  
these data argue for a cell type–specific regulation of Arg1 

of the host for their own survival and/or the expression of various 
pathogenicity genes (28, 29). The consequences of an Arg1 defi-
ciency of the host for the intraluminal polyamine pool and/or the 
composition of the intestinal microbiota have not yet been studied.

Type 2 nitric oxide synthase (NOS2) is typically induced in 
myeloid and endothelial cells by type 1 T helper cell cytokines 
(IFN-γ, TNF). It catalyzes the formation of citrulline and NO 
and shares with Arg1 the substrate l-arginine. NO exerts potent 
antimicrobial and immunoregulatory activities and stimulates 
mucosal blood flow and mucus generation. Nitrite and nitrate 
represent oxidative end products of endogenous NO metabolism 
that, however, can become NOS2-independent sources of NO (30, 
31). The utilization of nitrate from dietary or endogenous sources 
by mammalian organisms requires its initial reduction to nitrite 
by intestinal microbiota (32, 33), as mammals lack specific and 
effective nitrate reductases. Various bacteria even gain a survival 
advantage due to their ability to use nitrate and nitrite as energy 
sources under anaerobic conditions (so-called nitrate respiration 
or dissimilation) (34, 35).

Several studies revealed an enhanced expression and activity 
of Arg1 in the intestinal (sub)mucosa of patients with IBD (36–38) 
and upon application of dextran sodium sulfate (DSS) in the colon 
of mice (39). Furthermore, l-arginine metabolism is altered in 
IBD patients (40). Initial studies with Arg1 inhibitors led to con-
flicting results in murine colitis models (39, 41). These results have 
to be interpreted with caution, as Arg inhibitors are not isoform 
selective, affect the hepatic urea cycle, and might even serve, as 
described for Nω-hydroxy-l-arginine (NOHA), as substrates of 
NOS2. Furthermore, neither their optimal dose nor exact tissue 
distributions have been established. Reliable functional analyses 
of Arg1 in the immune system have only become possible with the 
generation of conditional Arg1fl/fl mice (14). However, both the cel-
lular source and the cell-specific function of Arg1 in the gut have 
remained undefined to date. Furthermore, the antagonistic regu-
lation of Arg1 and NOS2 and its impact on the intestinal microbio-
ta has not yet been explored.

Here, we observed that Tie2-Cre Arg1fl/fl mice, which do not 
express Arg1 in hematopoietic and endothelial cells, unexpectedly  
developed a less severe DSS- or oxazolone-induced colitis than 
littermate controls. The accelerated resolution of pathology was 
associated with compositional changes in the intestinal microbi-
ota, intraluminal polyamine accumulation, and altered permis-
siveness of the host to inflammatory microbial compounds. FMTs 
from Tie2-Cre Arg1fl/fl donors into broad-spectrum antibiotic– 
treated WT recipients restored the protective, antiinflammatory 
phenotype, suggesting that altered host-microbiota interactions in 
the absence of Arg1 decrease the susceptibility of mice to experi-
mentally induced intestinal damage.

Results
Arg1 expression correlates with the degree of inflammation in tissue 
biopsies of IBD patients. To address a potential correlation between 
the expression of Arg1 and the severity of inflammation in IBD, we 
screened intestinal tissue biopsies from CD and UC patients that 
were graded from 0 to 3 depending on the degree of inflamma-
tion for Arg1 mRNA copy numbers using quantitative PCR (qPCR). 
Indeed, in tissue biopsies from various segments of the gut of both 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/11
https://www.jci.org/articles/view/126923#sd
https://doi.org/10.1172/JCI126923DS1
https://doi.org/10.1172/JCI126923DS1
https://www.jci.org/articles/view/126923#sd
https://www.jci.org/articles/view/126923#sd
https://www.jci.org/articles/view/126923#sd
https://www.jci.org/articles/view/126923#sd
https://www.jci.org/articles/view/126923#sd


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

5 7 0 5jci.org      Volume 130      Number 11      November 2020

in ILC2s (Figure 1 and Supplemental Figure 1), we crossed Arg1fl/fl 
mice to the respective cell type–specific Cre deleter mice and eval-
uated the impact of conditional Arg1 deletions on DSS-induced 
colitis. None of the generated mouse strains exhibited sponta-
neous pathology, signs of colitis, or weight loss. Upon DSS appli-
cation, Villin-Cre Arg1fl/fl mice, which lack the expression of Arg1 

expression in the intestine that is modulated by oxygen tension, 
microbiota, and inflammation.

Mice with a deletion of Arg1 in endothelial and hematopoietic cells 
develop milder colitis than WT littermates. l-arginine catabolism by 
Arg1 can cause suppression of immune responses (48). Since Arg1 
is expressed in myeloid, epithelial, and endothelial cells as well as 

Figure 1. Expression of Arg1 in human IBD and mouse DSS-induced colitis. (A–C) Using qPCR, Arg1 expression was evaluated in intestinal tissue biopsies 
from CD and UC patients (A), sigmoid tissue biopsies from UC patients (B), or in IECs or myeloid cells purified from WT mice before and after DSS appli-
cation (C). The ratio of Arg1 mRNA copies relative to Hprt copies was calculated in the indicated cells and tissues of 14–16 CD and UC patients (A), 4–10 
UC patients (B) for each score and 10–16 individual female mice (C). The relative increase in Arg1 copy numbers in tissues of patients for each score and of 
naive versus DSS-treated WT mice is displayed. Depending on the number of groups and the distribution of data, data were analyzed using 1-way ANOVA 
followed by Bonferroni’s post hoc test for pairwise comparisons if the former was significant, or for multiple comparisons, the Mann-Whitney U test or the 
Kruskal-Wallis test followed by Dunn’s post hoc test was used if the former was significant. *P ≤ 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SD of 
the mean. (D–F) Using confocal laser microscopy, Arg1 expression was determined in mLNs (D) and in total colonic tissue of naive and DSS-treated SPF B6 
mice (E and F). Serial sections from mLNs (D) or colonic lesions (E and F) were stained for Arg1 (green), NOS2 (white), CD11b (red), or CD31 (red). Nuclei were 
stained with DAPI (blue). Scale bars: 100 μm. Original magnification, ×100.
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endothelial and hematopoietic cells, did not exhibit any signifi-
cant alterations in the expression of Arg1 or Nos2 in IECs (Supple-
mental Figure 3D). Following DSS application, Tie2-Cre Arg1fl/fl  
mice lost weight regardless of their sex and the number of DSS 
cycles to a degree similar to that of Arg1-expressing litters (Arg1fl/fl) 
(Supplemental Figure 4, A–C), except for in 1 out of 6 experiments, 
in which the weight loss in Tie2-Cre Arg1fl/fl mice was significantly  
smaller than in the control group (Supplemental Figure 4A). 
Importantly, however, Tie2-Cre Arg1fl/fl mice exhibited significantly  
reduced colitis compared with Arg1-expressing littermates and 
recovered faster from DSS-induced tissue damage (Figure 3, A–H), 
suggesting an unexpected colitogenic role of Arg1. The improved 
recovery from DSS-induced damage was most prominent after 1 
cycle of DSS (data not shown). Tie2-Cre Arg1fl/fl mice also devel-
oped less severe wasting disease and colitis than WT litters upon 
application of oxazolone (Supplemental Figure 5).

To further dissect the contribution of the myeloid, ILC2, and 
endothelial cell compartment to this unexpected phenotype, we 
analyzed Cx3cr1-Cre Arg1fl/fl, Il13-Cre Arg1fl/fl, and Cdh5-Cre Arg1fl/fl 
mice, respectively. Neither Cx3cr1-Cre Arg1fl/fl nor Cdh5-Cre Arg1fl/fl 
or Il13-Cre Arg1fl/fl mice showed a significant reduction in the sever-
ity of DSS-induced colitis, as seen in Tie2-Cre Arg1fl/fl mice (Supple-
mental Figure 3, E–G). However, irradiated Cdh5-Cre Arg1fl/fl mice 
reconstituted with bone marrow from Cx3cr1-Cre Arg1fl/fl donors 
developed a milder colitis compared with Arg1-expressing controls 
(Supplemental Figure 3H), which resembled the results obtained 
with Tie2-Cre Arg1fl/fl mice (Figure 3, A–H). Thus, the deletion of Arg1 
within the myeloid and endothelial cell compartment is required 
and sufficient to confer protection. In accordance with these find-
ings, transfer of T cells from Tie2-Cre Arg1fl/fl or WT littermate  
(Arg1fl/fl) donors induced a similarly severe disease in Rag1–/– recip-
ients, whereas T cell transfer colitis was significantly less severe in 
Rag1–/– × Tie2-Cre Arg1fl/fl recipients (Supplemental Figure 6). These 
data suggest that the combined expression of Arg1 by myeloid and 
endothelial cells counteracts the resolution of inflammation in 3 
different models of experimental colitis.

Arg1 deficiency decreases vessel density and myeloid cell adhe-
sion. As enhanced Arg1 expression and activity in microvessels 
and submucosal tissues of IBD patients had been associated 
with endothelial pathobiology and more severe disease (38), 
we evaluated the content, architecture, and density of intesti-
nal blood vessels in naive and DSS-treated Tie2-Cre Arg1fl/fl mice 
and Arg1-expressing littermate (Arg1fl/fl) controls. While the vas-
cular architecture appeared to be similar in naive mice of both 
genotypes, the vessel density was decreased in Tie2-Cre Arg1fl/fl  
mice compared with Arg1-expressing littermates (Arg1fl/fl)  
upon DSS application (Figure 4, A and B, and Supplemental Video  
1). As Arg1 expression has been linked to enhanced cellular adhe-
sion and transmigration by virtue of suppression of NO production 
(38, 49, 50), we analyzed, before and after DSS application, the 
distribution of immune cell subsets in the LP and their chemok-
ine, integrin, and adhesion molecule expression patterns in the 
blood, draining the GI tract of Tie2-Cre Arg1fl/fl mice and respec-
tive WT controls (Arg1fl/fl). We detected a higher percentage of 
F4/80+CD11b+ and Gr1+CD11b+ cells in the LP of Arg1-compe-
tent (Arg1fl/fl) mice (Figure 4, C and D, and Supplemental Figure 
7, A, B, and D–G) and found more CD11b+ cells accumulating 

in IECs, had no clinical phenotype (Supplemental Figure 3, A and 
B). Importantly, the deletion of Arg1 in IECs led to an enhanced 
expression of Arg1, Arg2, and Nos2 upon DSS application in CD11b+ 
myeloid cells purified from the LP (Supplemental Figure 3C). In 
contrast, Tie2-Cre Arg1fl/fl mice, which are deficient for Arg1 in 

Figure 2. Intestinal microbiota and IL-4/IL-13 promote Arg1 expression. 
(A–C) Using qPCR, Arg1 expression was assessed in total colonic tissue, 
unseparated LP, IE, and mLNs of naive GF, SPF (with or without application 
of broad spectrum antibiotics) (A and B), or Il4/Il13–/– mice, and respective 
WT controls (C). The ratio of Arg1 mRNA copies relative to Hprt copies was 
calculated in 4–14 individual female mice. The relative increase in Arg1 
copy numbers in tissues of naive versus DSS-treated WT mice is displayed. 
Depending on the number of groups and the distribution of data, data 
were analyzed using 1-way ANOVA followed by Bonferroni’s post hoc test 
for pairwise comparisons if the former was significant, or for multiple com-
parisons, the Mann-Whitney U test or the Kruskal-Wallis test followed by 
Dunn’s post hoc test was used if the former was significant. *P ≤ 0.05; **P 
< 0.01. Error bars indicate SD of the mean.
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Figure 3. The deletion of Arg1 within the endothelial and hematopoietic cell compartment ameliorates colitis. (A–G) The severity of colitis in Tie2-Cre 
Arg1fl/fl mice and in the respective littermate controls was monitored by high-resolution endoscopy (A–D) and histopathological analyses of H&E-stained 
tissue sections (E–H) on days 10 (A, B, E, and F) and 15 (C, D, G, H). Representative images from colonoscopies (A and C) and H&E-stained tissue sections 
(E and G) as well as the means (± SD) of the endoscopic and histological scores from 11–13 (B and F) and 6–7 (D and H) individual knockout female mice and 
littermate WT controls (Arg1fl/fl) are displayed. Scale bars: 200 μm (E); 100 μm (G). Depending on the number of groups and the distribution of data, data 
were analyzed using 1-way ANOVA followed by Bonferroni’s post hoc test for pairwise comparisons if the former was significant, or for multiple compari-
sons, the Mann-Whitney U test or the Kruskal-Wallis test followed by Dunn’s post hoc test was used if the former was significant. *P ≤ 0.05; **P < 0.01; 
***P < 0.001. Error bars indicate SD of the mean.
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Figure 4. Arg1 increases vessel density and enhances myeloid cell adhesion. (A and B) Colonic tissue sections of naive or DSS-treated Tie2-Cre Arg1fl/fl and 
Arg1-expressing littermates (Arg1fl/fl) were stained for CD31 (red) and DAPI (blue) (A), and the relative blood vessel density was quantified in 6 individual 
mice each (B). Scale bars: 100 μm. (C and D) Distribution of the indicated cell subsets was assessed in the LP by flow cytometry; displayed data represent 
the results of 8 individually analyzed Tie2-Cre Arg1fl/fl mice and Arg1-expressing littermate controls (Arg1fl/fl) (C) as well as 6 individually assessed mixed 
Ly5.1+/Ly5.1– Tie2-Cre Arg1fl/fl/WT (Arg1fl/fl) bone marrow chimeric mice (D). (E) Colonic tissue sections of DSS-treated Tie2-Cre Arg1fl/fl and Arg1-expressing 
littermates (Arg1fl/fl) were stained for CD31 (red) and CD11b (green). Scale bars: 100 μm. (F–H) Surface phenotype of myeloid cells harvested from blood 
vessels draining intestinal tissues of 3–6 individually analyzed Tie2-Cre Arg1fl/fl mice and respective littermate controls (Arg1fl/fl) was assessed by flow 
cytometry 12 hours after DSS application (F) along with CCR2 (G) and C5aR expression (H). Data were analyzed using the Mann-Whitney U test. *P ≤ 0.05; 
**P < 0.01; ***P < 0.001. Error bars indicate SD of the mean.
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Figure 5. The additional deletion of Arg2 or Nos2 in Tie2-Cre Arg1fl/fl mice further ameliorates colitis. (A) The concentration of l-arginine was determined 
by high-performance liquid chromatography (HPLC) in the feces of DSS-treated Tie2-Cre Arg1fl/fl mice and WT control litters. (B–E) The expression of 
NOS2 (B–D) and Arg2 (E) were assessed by qPCR (B), Western blotting (C and D), and RNA-Seq (E) in colonic tissues (B and E) and mLNs (C and D) of 4 to 
24 DSS-treated Tie2-Cre Arg1fl/fl and 3–28 Arg1-expressing littermates (Arg1fl/fl). The ratio of the mRNA copies of the indicated genes relative to the Hprt 
copies was calculated (B), and the relative increase in the respective gene copy numbers is displayed. Western blot signals from 3 experiments containing 
2 to 3 mice per group in each cohort were quantitated using ImageJ software (D). (F and G) Severity of colitis in the indicated mouse strains was monitored 
by endoscopy (n = 3–8). Depending on the number of groups and the distribution of data, data were analyzed using 1-way ANOVA followed by Bonferroni’s 
post hoc test for pairwise comparisons if the former was significant, or for multiple comparisons, the Mann-Whitney U test or the Kruskal-Wallis test 
followed by Dunn’s post hoc test was used if the former was significant. *P ≤ 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SD of the mean.
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around CD31+ endothelial cells 
in these animals compared with 
Arg1-deficient littermates (Figure 
4E). Furthermore, a significantly 
larger proportion of CD11bhiGr1int 
myeloid cells (Figure 4F and Sup-
plemental Figure 7, A and C) with 
a higher expression of CCR2 (Fig-
ure 4G and Supplemental Figure 
7, H–J) and C5aR (Figure 4H and 
Supplemental Figure 7K) were 
recovered from the gut-draining 
vessels of these animals compared 
with Tie2-Cre Arg1fl/fl mice. In con-
trast, the expression of CCR5, 
LFA-1, and α4β7 did not differ sig-
nificantly between the 2 mouse 
strains (data not shown). Together  
with previous observations on an 
improved course of colitis after 
blocking CCR2 or C5aR (51–57), 
these data suggest that the expres-
sion of Arg1 by endothelial and 
myeloid cells promotes vascular 
adhesion and transmigration of 
myeloid cells responsive to chemo-
attractants, thereby entertaining 
colonic inflammation.

An additional deletion of Arg2 
or Nos2 in Tie2-Cre Arg1fl/fl mice fur-
ther ameliorates colitis. To further 
examine l-arginine metabolism in 
colonic tissues of Tie2-Cre Arg1fl/fl 
mice and littermate (Arg1fl/fl) con-
trols, we assessed the accumula-
tion of l-arginine in the feces. In 
addition, we analyzed the expres-
sion of (a) argininosuccinate lyase 
(Asl) and argininosuccinate syn-
thase (Ass), the 2 enzymes required 
for the regeneration of l-arginine 
from l-citrulline; (b) ornithine 
carbamoyltransferase (Otc), which 
transfers carbamoyl phosphate 
to ornithine and thereby gener-
ates citrulline; and (c) the induc-
ible transporter Slc7a2, required 
for the uptake of l-arginine from 
the intestinal lumen (Supplemen-
tal Figure 8). Significantly more 
l-arginine was recovered from the 
feces of Tie2-Cre Arg1fl/fl mice than 
from WT (Arg1fl/fl) litters (Figure 
5A). There were no differences in 
the expression of Slc7a2 (data not 
shown), Otc, and Ass (Supplemen-
tal Figure 9, A and B) between WT 

Figure 6. Arg1-dependent depletion or nutritional restriction of l-arginine exacerbates colitis and endo-
thelial permeability. (A, C, and D) The survival curves for 12–14 (A), 10 (C), and 8–15 (D) individual mice of the 
indicated mouse strains are displayed. Data shown in panels C and D is for mice on an l-arginine–free chow. 
Kaplan-Meier survival curves were plotted for each cohort, and statistical significance was determined by 
log-rank test. *P ≤ 0.05; **P < 0.01. (B and E) The severity of colitis in Tie2-Cre Arg1fl/fl mice fed with control 
or l-arginine–free chow (B) as well as in WT mice fed control (1% l-arginine) or l-arginine–enriched chow (3% 
l-arginine) (E) was monitored by endoscopy. The means (± SD) of the endoscopic scores from 5–7 individual 
knockout female mice in each cohort are displayed. (F) Macrophage transmigration across an endothelial layer 
in the presence of the indicated l-arginine concentrations was measured with Transwell chambers (n = 6). 
Data were analyzed using the Mann-Whitney U test or the Kruskal-Wallis test followed with Dunn’s multiple 
comparisons if the former was significant. *P ≤ 0.05; **P < 0.01. Error bars indicate SD of the mean.
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Arg1fl/fl × Arg2–/– mice compared with Tie2-Cre Arg1fl/fl mice, respec-
tively (Figure 6, C and D). As previously observed (59, 60), l-argi-
nine supplementation improved colitis in WT mice (Figure 6E). In 
line with the improved endothelial integrity (Figure 4), enhanced 
availability of l-arginine (Figure 5A) in Tie2-Cre Arg1fl/fl mice in vivo, 
and reversion of endothelial dysfunction by l-arginine in patients 
(62–64), supplementation with l-arginine inhibited the transmi-
gration of myeloid cells in vitro, whereas depletion of l-arginine 
enhanced endothelial permeability (Figure 6F). In the oxazolone 
model of colitis, l-arginine supplementation similarly improved 
survival and ameliorated inflammation in the large intestine, while 
dietary restriction of l-arginine induced progressive weight loss 
and fatal wasting disease (Supplemental Figure 11).

Polyamines accumulate in the feces of Tie2-Cre Arg1fl/fl mice. Arg1 
generates ornithine and thereby forms the starting point for the 
synthesis of polyamines (Supplemental Figure 8). As the activity  
of ornithine decarboxylase (Odc), the rate-limiting enzyme of 
polyamine synthesis, is solely regulated by changes in the amount 
of ODC protein rather than by modifications of its catalytic activ-
ity (65), we assessed the expression of Odc in vitro and in vivo. 
Unstimulated Arg1-deficient bone marrow–derived DCs showed 
reduced Odc expression compared with WT (Arg1fl/fl) controls 
(Supplemental Figure 12A). Addition of E. coli enhanced Odc 
expression in Arg1-expressing DCs, but not in Arg1-deficient DCs. 
As a result, significantly more putrescine accumulated in cultures 
of Arg1-expressing DCs (Supplemental Figure 12B). In contrast, 
we did not detect significantly different regulation of Odc or other 
enzymes involved in the synthesis or degradation of polyamines 
in intestinal tissues of Tie2-Cre Arg1fl/fl mice compared with litter-
mate controls (Figure 7A and Supplemental Figure 13). Based on 
these observations, it was unexpected that the feces of Tie2-Cre 
Arg1fl/fl mice still contained higher amounts of putrescine and sper-
midine than the feces of littermate controls (Arg1fl/fl) (Figure 7B), 
which raised the possibility that intestinal microbiota contribute 
to the intraluminal polyamine metabolism.

There exists a strong relationship among polyamines, mucosal 
repair processes, and epithelial barrier function (66). Measuring 
the expression of several polyamine target genes in the gut, we 
found enhanced expression of various cadherins and protocad-
herins and of the transient receptor potential channel 3 (Trcp3) in 
Tie2-Cre Arg1fl/fl mice (Figure 7, C and D, and Supplemental Figure 
14), all of which are critical for cell migration to sites of tissue injury  
(66). In addition, the expression of checkpoint kinase 2 (Chk2), 
a serine-threonine kinase that regulates occludin mRNA transla-
tion and thus the maintenance and reestablishment of gut barrier  
integrity (66), was significantly higher in Tie2-Cre Arg1fl/fl mice 
(Figure 7E). These data support the concept that the accumula-
tion of polyamines contributes to the resolution of colitis due to an 
enhanced repair of epithelial cell injury.

To determine whether the availability of l-arginine affects 
intraluminal polyamine concentrations, we analyzed mice fed 
normal chow (containing 1% l-arginine), l-arginine–free chow, or 
chow containing 3% l-arginine. We found that polyamines accu-
mulated in the feces and in the serum upon dietary l-arginine sup-
plementation (Figure 7, F–H), which was similar to the previously 
reported increase of polyamines in inflamed colon (41). In accor-
dance with these observations, the expression of polyamine target 

(Arg1fl/fl) and Arg1-deficient mice. However, gene expression of Asl 
was increased in Arg1-expressing control (Arg1fl/fl) mice compared 
with Tie2-Cre Arg1fl/fl mice (Supplemental Figure 9C), potentially  
reflecting a compensatory mechanism to counterbalance the 
enhanced consumption of l-arginine by Arg1.

Arg1 competes with NOS2 for l-arginine, which is also metab-
olized by arginine:glycine amidinotransferase (Agat), arginine 
decarboxylase (Adc), and Arg2 (16). While Adc mRNA remained 
undetectable, there were no differences in gene expression of 
Agat and guanidinoacetate N-methyltransferase (Gamt) in colonic  
tissue as well as in the fecal accumulation of creatine, the final 
product of both enzymatic reactions (Supplemental Figure 9, 
D–F). The expression of agmatinase (Agmat) (the enzyme that 
cleaves agmatin, the metabolic product of Adc) also did not differ  
between the 2 mouse strains (Supplemental Figure 9G). In addi-
tion, the expression of the ornithine aminotransferase (Oat) and 
the accumulation of its metabolic product (proline) in the feces 
were comparable between Tie2-Cre Arg1fl/fl mice and littermate 
controls (Supplemental Figure 9, H and I). The expression of 
NOS2, in contrast, was slightly enhanced in colonic tissues (Figure 
5B) and mLNs (Figure 5, C and D) of DSS-treated Tie2-Cre Arg1fl/fl 
mice compared with WT littermates (Arg1fl/fl), while the expression 
of Arg2 was decreased (Figure 5E).

As the functional role of NOS2 and Arg2 in the pathogenesis 
of colitis is a matter of ongoing debate (58), we directly assessed 
the impact of NOS2 and Arg2 on the clinical phenotype by (a) 
applying the NOS2 inhibitor L-NIL to Tie2-Cre Arg1fl/fl mice and 
Arg1-expressing littermates (Arg1fl/fl) and by (b) crossing Tie2-Cre 
Arg1fl/fl mice and Arg1-expressing littermates (Arg1fl/fl) with Nos2–/– 
or Arg2–/– mice. Both experimental strategies failed to reverse the 
phenotype observed in Tie2-Cre Arg1fl/fl mice; in fact, colitis was 
even further ameliorated when Nos2 or Arg2 was additionally 
depleted (Figure 5, F and G, Supplemental Figure 9J). Together, 
these results give strong support to the concept that protection in 
our model correlates with an increased availability of l-arginine.

Enzymatic consumption of l-arginine promotes colitis. Recently, 
oral l-arginine supplementation of DSS-treated mice was found 
to improve the course of colitis (59, 60) and to enhance intralumi-
nal and systemic polyamine concentrations (61). Here, we tested  
to determine whether dietary l-arginine restriction reversed 
the improved outcome of DSS-induced colitis in Tie2-Cre Arg1fl/fl  
mice. Indeed, dietary restriction of l-arginine induced progres-
sive weight loss, Il17 production, and fatal wasting disease in DSS- 
treated animals (Figure 6A and Supplemental Figure 10A). Inter-
estingly, the effect was more prominent in WT (Arg1fl/fl) than in 
Tie2-Cre Arg1fl/fl mice. The surviving Tie2-Cre Arg1fl/fl mice lost 
weight more quickly and developed more severe colitis under 
l-arginine restriction than mice on a control diet (Figure 6B and 
Supplemental Figure 10, B and C). In contrast, untreated control 
mice neither lost weight nor developed signs of colitis, suggesting 
that the protective effect of Arg1 deletion depends on the increased 
availability of l-arginine following DSS application. None or only 
few animals of these mouse strains succumbed to wasting disease 
under control chow (Figure 6A), further supporting the concept 
that protection in our model is conferred by the availability of  
l-arginine. In addition, under dietary l-arginine restriction, wast-
ing disease was delayed in Tie2-Cre Arg1fl/f × Nos2–/– and Tie2-Cre 
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tory functions in many cell populations (31). Whereas IL-4– and 
IL-13–induced Arg1 expression is mediated through activation of 
the transcription factor STAT6, microbe-driven Arg1 expression 
occurs via crosslinking of TLRs independently of the STAT6 path-
way (14). While the mutual regulation of polyamines and TLRs is 
well established (65), it is not known whether Arg1 regulates TLR 
and/or STAT6 expression and subsequent cytokine responses. We 
found that the colonic expression of Myd88, individual Tlrs, and 
Tlr-associated molecules differed significantly between Tie2-Cre 
Arg1fl/fl mice and WT littermates (Arg1fl/fl) (Figure 8C), whereas 
the differences of Stat6 mRNA expression did not reach statisti-
cal significance (1238 ± 29.32 reads in Tie2-Cre Arg1fl/fl mice versus 
1675.33 ± 297.1 reads in Arg1-expressing littermate controls; n = 
3–4; P = 0.069). Remarkably, in the absence of Arg1, the expres-
sion of Tlrs was increased in endothelial cells (Figure 8D), but 
unaltered or decreased in myeloid cells (Figure 8E). These find-
ings indicate an altered response of the host to intestinal micro-
biota after deletion of Arg1 within the endothelial and hematopoi-
etic cell compartments. Alternatively, these changes in the TLR 
expression profile might be secondary to the alterations in the 
composition of the intestinal microbiome.

To investigate the immunological consequences of these 
alterations for the potential response to microbes, we assessed the 
cytokine profile in the gut of Tie2-Cre Arg1fl/fl and Arg1-expressing 
littermates (Arg1fl/fl). Notably, the cytokine profile differed signifi-
cantly between both mouse strains, with a reduction of proinflam-
matory cytokines and cytokine receptors in Tie2-Cre Arg1fl/fl mice 
(Figure 8, F–J). The mRNA expression of Il1b, Tnf, and Il18, all of 
which play a pathogenic role in IBD (70–78), was significantly sup-
pressed in Tie2-Cre Arg1fl/fl mice (Figure 8F). While significantly 
more TNF and IL-1B proteins were also recovered from cultures of 
WT litters (Figure 8, G and H), IL-18 protein was only detected in 
a few cultures of WT cells upon TLR stimulation (data not shown). 
Furthermore, significantly more IL-10 protein was recovered from 
cultures of intestinal immune cells purified from Tie2-Cre Arg1fl/fl 
mice than from the respective control cultures (Arg1fl/fl) (Figure 8I). 
The expression of several cytokine receptors was also reduced in 
Tie2-Cre Arg1fl/fl mice (Figure 8J).

Feces from Arg1-deficient mice protects WT recipients against colitis.  
To demonstrate the effect of intestinal microbiota on the out-
come of colitis, we reconstituted B6 recipient mice treated with 
broad-spectrum antibiotics with fresh feces from Tie2-Cre Arg1fl/fl 
and Arg1-expressing littermates (Arg1fl/fl) and exposed them after-
wards to DSS. In accordance with published studies on the piv-
otal role of the microbiota on the development of colitis (79, 80), 
untreated control mice developed colitis and lost weight upon DSS 
application, unlike mice that had received antibiotics (Supplemen-
tal Figure 19). FMT from Tie2-Cre Arg1fl/fl mice into DSS-treated B6 
recipients led to reduced intestinal tissue damage and an improved 
recovery from colitis (Figure 9, A–E, and Supplemental Figure 
20), mimicking the protective effect of Arg1 deletion observed in 
DSS-treated Tie2-Cre Arg1fl/fl mice. Control recipients that received 
FMTs, but no DSS, did not exhibit any phenotype. The less severe 
colitis observed in DSS-treated B6 recipients of Tie2-Cre Arg1fl/fl 
microbiota was paralleled by decreased Arg1 expression in mLNs 
and colonic tissues (Figure 9F) and a significantly diminished 
inflammatory cytokine profile, which resembled the cytokine pat-

genes in intestinal tissues of the host directly correlated with the 
availability of l-arginine (Figures 7, I–K).

l-arginine supplementation attenuates intestinal dysbiosis. The 
preceding results indicated that an altered intraluminal polyam-
ine synthesis presumably affects the progression of colitis. As bac-
teria in the gut are a known source of polyamines (27) and intes-
tinal inflammation is associated with dysbiosis (67), we assessed 
the composition of the intestinal microbiota in the feces of Tie2-
Cre Arg1fl/fl mice and Arg1-expressing littermates (Arg1fl/fl) using 
16S rRNA analyses. Strikingly, there was a significant expansion 
of Ruminococcus, Turicibacter, Fodinicurvata, Acetanaerobacteria, 
Clostridia spp., and Christensenella in Tie2-Cre Arg1fl/fl mice (Figure 
8A). The latter bacterial genus has been associated with human 
health (68). Furthermore, the Firmicutes/Bacteroidetes ratio in 
the gut of Tie2-Cre Arg1fl/fl mice was higher than in WT littermates 
(2.14 ± 0.58 vs.1.18 ± 0.51; P ≤ 0.05). In contrast, in WT (Arg1fl/fl) 
mice, Enterobacteriaceae, Helicobacter, spp., and Bacteroides spp., 
all of which are known to contribute to the destruction of the 
colonic mucus layer, expanded (ref. 69, Figure 8A, and Supple-
mental Figures 15 and 16). Similarly to what occurred in the first 
experiment, enteric anaerobes such as Enterorhabdus (belong-
ing to the order of Eggerthellales) and Alistipes (belonging to the 
order of Bacteriodales) also expanded in a second experiment in 
WT (Arg1fl/fl) litters, whereas Fodinicurvata, Anaerotruncus, Myco-
plasma, and Clostridium VIX accumulated in Tie2-Cre Arg1fl/fl mice 
(Supplemental Figure 17, A and B). Thus, Arg1 deficiency of the 
host promotes the accumulation of intestinal microbiota that help 
to restrain colitis.

Next, we tested the impact of an increased availability of  
l-arginine on the composition of the intestinal microbiome of WT 
mice. Indeed, similarly to what occurred in Tie2-Cre Arg1fl/fl mice, the 
supplementation of WT litters with 3% l-arginine led to an accumu-
lation of Christensenella, Ruminococcus, Turicibacter, and Fodinicur-
vata (Figure 8B, Supplemental Figure 17C, and Supplemental Figure 
18). Thus, the protection conferred by l-arginine supplementation 
is paralleled by the expansion of an anticolitogenic microbiota.

Deletion of Arg1 alters the expression of TLRs and inflammatory 
cytokines. Similarly to polyamines, Arg1 exhibits immunomodula-

Figure 7. Improved recovery from colitis in Tie2-Cre Arg1fl/fl mice is 
associated with fecal accumulation of polyamines and the expression 
of polyamine target genes in colonic tissues. (A) Expression of Odc was 
analyzed by RNA-Seq in colonic tissues. (B) Concentrations of polyamines 
were determined by HPLC in the feces. (C–E) Expression of Cdh11 (C), short 
Trpc3 (D), and Chk2 (E) were evaluated by RNA-Seq in colonic tissues. 
(F–H) Concentrations of l-arginine (F) and polyamines (G and H) were 
determined by HPLC in the feces (F and G) and serum (H) before l-arginine 
supplementation (day 0) or DSS application (day 7) and at the end of the 
experiment (day 17), as also depicted in the schematic of Supplemental 
Figure 18J. (n = 3–5). (I–K) Expression of Cdh11 (I), short Trpc3 (J), and  
Ctnnb1 (K) were assessed by qPCR in colonic tissues of 8–10 individual 
mice. Tie2-Cre Arg1fl/fl and Arg1-expressing littermates (Arg1fl/fl) were fed 
control chow (A–H), l-arginine–free chow (I–K), or chow supplemented 
with 3% l-arginine (F–K). The ratio of the mRNA copies of the indicated 
genes relative to the Hprt copies was calculated (I–K), and the relative 
increase in the respective gene copy numbers comparing Tie2-Cre Arg1fl/fl  
mice and littermate controls (Arg1fl/fl) in each cohort is displayed. Data 
were analyzed using Mann-Whitney U test. *P ≤ 0.05; **P < 0.01; ***P < 
0.001. Error bars indicate SD of the mean.
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to assess the function of Arg1 in different compartments and cell 
types during intestinal inflammation. Arg1 is generally thought 
to promote tissue repair and regenerative processes and to cause 
immunosuppression by depriving T lymphocytes of l-arginine. In 
the work presented here, we identified a proinflammatory, antire-
solving role of Arg1 within the endothelial and hematopoietic cell 
compartment using 3 well-established mouse models of colitis. 
Arg1 in ILC2s, myeloid, and endothelial cells maintained intes-
tinal inflammation; deletion of Arg1 in either cell compartment 
alone was insufficient to ameliorate the disease. The protective 
effect of conditional Arg1 deletion was most prominent after one 
DSS cycle when other cellular sources of Arg1 were not able to 
compensate for the loss of Arg1 within the endothelial and hema-
topoietic cell compartment.

We found that in experimental colitis, endothelial Arg1 expres-
sion and subsequent inflammatory changes promoted vessel den-
sity, capillary leakage, and immune cell aggregation and trans-
migration. This is consistent with published data in human IBD, 
where microvascular dysfunction had been linked to diminished 
endothelial NO production due to depletion of the NOS substrate 
l-arginine by enhanced Arg1 activity in the intestinal microvessels 
and submucosal tissues (38). Similarly, endothelial Arg1 has been 
implicated in the development of diabetic endothelial dysfunction 
(81). Decreased availability of NO is known to promote endothe-
lial adhesion and transmigration of inflammatory cells (82). We 
believe that the mucosal and submucosal damage seen in our DSS 
colitis model results from the enhanced influx of inflammatory 
cells in the presence of Arg1. This notion is in line with the previ-
ous observation that Nos3–/– mice (lacking endothelial NOS) exhib-
ited more severe colitis than WT controls (83).

Arg1 likely has cell-intrinsic effects on the biology of many cell 
populations. Altered Tlr expression, for example, might be one of 
these consequences within the myeloid cell lineage. TLRs enable 
communication between intestinal microbiota and the immune 
system of the host, but are also involved in the modulation of the 
gut microbial flora (84). Parallel to the altered Tlr expression pat-
tern, we detected a shift in the composition of the intestinal micro-
biome when comparing Tie2-Cre Arg1fl/fl mice and Arg1-expressing 
littermate controls. These compositional changes are likely to 
contribute to the modified Tlr expression profile. Importantly, 
the altered intestinal microbiota of Arg1-deficient mice appears 
to contribute directly to the resolution of colitis: B6 WT mice that 
had received fecal microbiota from Tie2-Cre Arg1fl/fl donors not 
only failed to upregulate Arg1, but also showed a mitigated course 
of colitis, similar to that seen in Arg1-deficient mice. In addition, 
the feces of Tie2-Cre Arg1fl/fl mice contained more polyamines as 
compared with that of WT littermates. The accumulated intralu-
minal polyamines most likely originated from the intestinal micro-
biota, as all enzymes of the polyamine synthesis pathway in the 
host remained unaltered. Polyamines presumably support muco-
sal repair and, thus, the resolution from intestinal inflammation, 
as seen in Tie2-Cre Arg1fl/fl mice as well as in WT recipients of fecal 
microbiota from Tie2-Cre Arg1fl/fl donors. Further studies need to 
delineate whether the accumulation of polyamines in Tie2-Cre 
Arg1fl/fl mice is due to increased production, altered turnover, and/
or reduced consumption. In addition, the bacterial species that (a) 
thrive in the absence of host Arg1, (b) have the capacity to suppress 

tern seen in DSS-treated Tie2-Cre Arg1fl/fl mice (Figure 10A). In con-
trast, significantly more Il10 was detected in colonic tissues of FMT 
recipients from Tie2-Cre Arg1fl/fl donors. Furthermore, despite unal-
tered levels of Odc mRNA, the expression of Myd88 and of poly-
amine target genes, such as cadherin 11 (Cdh11), Chk2, catenin β 
1 (Ctnnb1), protocadherin 18 (Pcdh18), and Trpc3, was upregulated  
in recipients of FMTs from Tie2-Cre Arg1fl/fl mice (Figure 10B). 
Most importantly, the accumulation of polyamines in the feces of 
Tie2-Cre Arg1fl/fl FMT recipients was enhanced (Figure 10C). As 
observed in Arg1-deficient donor mice (Figure 8A), Christensenel-
la, Paraprevotella, Acetanaerobacteria, and Clostridia expanded in 
recipients of Tie2-Cre Arg1fl/fl FMTs (Figure 10D and Supplemental 
Figures 21 and 22). In contrast, Bacteroides, Parabacteroides, and 
Enterobacteriaceae were more abundant in the feces of recipients 
of FMTs derived from Arg1-expressing (Arg1fl/fl) donors (Figure 10D 
and Supplemental Figure 22). Accordingly, the Firmicutes/Bacteroi-
detes ratio in the gut was increased in recipients of Tie2-Cre Arg1fl/fl  
feces compared with recipients of WT (Arg1fl/fl) feces (2.54 ± 0.46 
vs. 1.49 ± 0.24; P ≤ 0.05).

When fecal microbiota were transferred from WT donors 
into either Arg1-deficient or Arg1-competent recipient mice, no 
significant differences were observed in the percentages of LP 
myeloid cells and in the expression of cytokines, Myd88, and 
polyamine target genes between the 2 recipient mouse strains 
(Supplemental Figure 23).

From these data, we conclude that the transfer of fecal 
microbiota from Tie2-Cre Arg1fl/fl donors helps to resolve colitis 
in recipient WT mice due to the restriction of Arg1 expression, 
reduced cytokine expression, and enrichment of intestinal 
microbiota that accelerate the cure of the injured IEC layer due 
to polyamine accumulation.

Discussion
Arg1 is an arginine-metabolizing enzyme that influences a broad 
range of immunological and metabolic processes. As global Arg1 
deletion causes neonatal death due to the pivotal role of Arg1 
in the urea cycle, we resorted in our study to conditional Arg1fl/fl 
mice. The tissue- or cell type–specific deletion of Arg1 allowed us 

Figure 8. Deletion of Arg1 in endothelial and hematopoietic cells and 
l-arginine supplementation of WT mice promotes the expansion of an 
antiinflammatory intestinal microbiota and alters the TLR expression 
pattern and the cytokine (receptor) profile. (A and B) The composition 
of the intestinal microbiome was assessed by 16S rRNA analysis of fecal 
specimens collected from (A) 4 Tie2-Cre Arg1fl/fl mice and Arg1-expressing 
littermates (Arg1fl/fl), and (B) 6 WT mice with or without l-arginine sup-
plementation on day 10. Linear discriminant analyses (LDA) were com-
bined with effect size measurements (LEfSe), and the respective results 
at the genus level (A and B) are displayed. (C–J) The Tlr (C–E), cytokine 
(F–I), and cytokine receptor profile (J) were analyzed by RNA-Seq (C and 
J), qPCR (D–F), and ELISA (G–I) in colonic tissues (C, F, and J) and purified 
intestinal immune (G–I), CD45–CD31+ endothelial (D), and CD45+CD11b+ 
myeloid cells (E). (n = 3–10). The ratios of the mRNA copies of the indicated 
genes relative to the Hprt copies were calculated. The relative increase in 
the respective copy numbers of genes from DSS-treated Tie2-Cre Arg1fl/fl  
mice compared with Arg1-expressing littermates (Arg1fl/fl) is displayed. 
Data were analyzed using Mann-Whitney U test, Kruskal-Wallis test, or 
pairwise Wilcoxon’s tests. *P ≤ 0.05; **P < 0.01; ***P < 0.001. Error bars 
indicate SD of the mean.
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is partially blocked by the activity of Arg1. Indeed, availability of  
l-arginine is limited in patients with active UC (40, 85). Further-
more, the expression and/or activity of several l-arginine–using 
enzymes and transporters besides Arg1 is altered in IBD patients 
(40, 85, 86). As Arg1 inhibitors do not act in an isoform-selective 
manner or might even function as substrate for NOS or amidotrans-
ferases (13, 87, 88), dietary l-arginine supplementation, due to the 
expansion of polyamine-producing microbiota, is a more promising 
therapeutic option than the inhibition of arginase enzymatic activity.

Availability of sufficient amounts of l-arginine is known to shift 
the metabolism of immune cells from glycolysis to oxidative phos-
phorylation independently of Arg1 and NOS2 (89). Mechanistically, 
posttranslational methylation of arginine residues in proteins by 
protein arginine methyltransferases (PRMTs) might be involved, as 
these enzymes regulate multiple signaling pathways related to cell 
differentiation, proliferation, metabolism, and function. Although 
the capacity of l-arginine methylation to modulate inflammatory s 
ignaling pathways has been described (90), its role in human pathol-
ogies, including colitis, remains to be investigated.

In summary, Arg1 exerted an unexpected inflammatory 
effect in murine colitis, which involved the activity of myeloid 

Arg1 in recipient mice upon transfer, and (c) are suppressed or lost 
once Arg1 is upregulated need to be defined.

We observed that the proresolving and tissue-protective effects 
of polyamines correlated with enhanced expression of various poly-
amine target genes (65, 66), including cadherins, catenins, Trcps, 
and Chk2 (Figure 7, C–K, and Supplemental Figure 14). In addition, 
the altered Tlr expression pattern and cytokine profile might reflect a 
consequence of increased polyamine availability (65).

l-arginine is not only metabolized by Arg1, but also by other 
enzymes, such as Arg2 and NOS2. Under a regular diet, deletion 
of Nos2 already ameliorated the colitis to a degree similar to that 
seen in Tie2-Cre Arg1fl/fl mice, whereas deletion of Arg2 showed only 
a weak effect. Dietary restriction of l-arginine led to a progres-
sive and ultimately lethal wasting disease in WT mice, which was 
delayed by the individual deletion of Arg1 or Nos2. Simultaneous 
deletion of Arg1 and Arg2 or Arg1 and Nos2 further reduced disease 
severity, indicating that Arg1, Arg2, and NOS2 all promote disease 
due to the consumption of anticolitogenic l-arginine. Conversely, 
Tie2-Cre Arg1fl/fl mice fed a control diet developed less severe coli-
tis compared with those fed an l-arginine–free chow. Together, 
these findings argue for an l-arginine–dependent protection that 

Figure 9. Microbiota from Tie2-Cre Arg1fl/fl mice enhance recovery from DSS-induced colitis. (A) Relative body weight change was monitored over 10 days 
in naive and DSS-treated B6 recipients of FMTs from Tie2-Cre Arg1fl/fl and respective WT control (Arg1fl/fl) donors. (B–E) Severity of colitis in B6 recipients of 
FMTs from Tie2-Cre Arg1fl/fl and Arg1-expressing (Arg1fl/fl) donors was monitored by high-resolution endoscopy and histopathological analyses of H&E-
stained tissue sections 10 (B and D) and 15 days (C and E) after DSS application (n = 3–8). (F) Expression of Arg1 was analyzed by qPCR in mLNs and colonic 
tissues of the respective DSS-treated recipients on day 10. Ratios of the mRNA copies of the indicated genes relative to Hprt copies were calculated, and 
the relative increase in the respective gene copy numbers between FMT recipients from Tie2-Cre Arg1fl/fl and Arg1-expressing (Arg1fl/fl) donors is displayed. 
Data were analyzed using Mann-Whitney U test. *P ≤ 0.05; **P ≤ 0.01; ***P < 0.001. Error bars indicate SD of the mean.
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thereafter (15). Conditional Arg1-deficient mice (Tie2-Cre Arg1fl/fl,  
Villin-Cre Arg1fl/fl, Il13-Cre Arg1fl/fl, Cx3cr1-Cre Arg1fl/fl, Cdh5-Cre Arg1fl/fl),  
Nos2–/–, Arg2–/–, Tie2-Cre Arg1fl/fl × Nos2–/–, Tie2-Cre Arg1fl/fl × Arg2–/–, and 
their respective Arg1-expressing littermate controls (Arg1fl/fl) on a B6 
background were age and sex matched and used at 7 to 12 weeks of 
age. Il4/Il13–/– mice and their respective WT controls (Il4/Il13+/+) were 
obtained from David Vöhringer (Universitätsklinikum Erlangen) and 
tissues of GF and SPF B6 mice from Marijana Basic and Andrè Bleich 
(Medizinische Hochschule Hannover, Hannover, Germany). All other  
mice were purchased from the Jackson Laboratory. All mice were 
raised in an SPF environment.

and endothelial cells, an altered composition of the gut microbial  
flora, and a lack of intestinal polyamines. As Arg1 expression cor-
related with IBD severity in humans, the results offer alternative 
avenues for therapeutic intervention that need to be carefully 
evaluated in the future.

Methods
Further information can be found in Supplemental Methods.

Mice. Cre-specific Arg1fl/fl mice (14) on a B6 background were 
obtained by independent backcrossing of respective Cre-deleter and 
Arg1fl/fl mice with C57BL/6 mice for 12 generations and intercrossing 

Figure 10. Enhanced recovery of FMT recipients from Tie2-Cre Arg1fl/fl donors is associated with accumulation of polyamines and compositional changes 
in the intestinal microbiome. (A and B) Expression of the indicated cytokines (A), Odc, Myd88, and the polyamine target genes Cdh11, Chk2, Ctnnb1, Pcdh18, 
and short Trcp3 (B) was analyzed by qPCR in colonic tissues of the respective DSS-treated recipients on day 10. Ratio of mRNA copies of indicated genes 
relative to Hprt copies were calculated, and the relative increase in the respective gene copy numbers comparing 8 FMT recipients from Tie2-Cre Arg1fl/fl and 
Arg1-expressing (Arg1fl/fl) donors is displayed. (C) Concentrations of polyamines were assessed by liquid chromatography/mass spectrometry (LC/MS) in the 
feces of 8 B6 recipients of FMTs from Tie2-Cre Arg1fl/fl and Arg1-expressing (Arg1fl/fl) littermates. (D) Composition of the intestinal microbiome was assessed 
by 16S rRNA analysis on day 10 after FMT in 3 recipients of feces from Tie2-Cre Arg1fl/fl mice and Arg1-expressing littermate (Arg1fl/fl) controls. LDAs were 
combined with LEfSe, and the respective results at the genus level are displayed. Data were analyzed using Mann-Whitney U test, Kruskal-Wallis test, or 
pairwise Wilcoxon’s test. *P ≤ 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SD of the mean.
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tional annotation analysis were performed with Ingenuity Pathway 
Analysis (QIAGEN). All original microarray data were deposited in 
the NCBI’s Gene Expression Omnibus database (GEO GSE151931). 
Data points from 1 animal were excluded, as subsequent genotyping 
identified it as a knockout instead of a WT mouse.

Statistics. The normal distribution of each data set was examined 
using the Kolmogorov-Smirnov test. For the comparison of the means 
of normally distributed data of 2 groups, 1-tailed Student’s t test was 
used, while for more than 2 groups, 1-way ANOVA with post hoc test 
(Bonferroni’s) was applied. The respective tests used in the case of 
not normally distributed data were the Mann-Whitney U test and the 
Kruskal-Wallis test, which was followed with Dunn′s multiple compar-
isons test if the former was significant. A sample size of at least 3 (n = 3) 
was used for each sample group in a given experiment, and a P value of 
5% (P ≤ 0.05), 1% (P ≤ 0.01), or 0.1% (P ≤ 0.001) was considered sig-
nificant to accept the alternate hypothesis. GraphPad Prism software 
was used for statistical analysis.

Study approval. All procedures were approved by the local eth-
ics committee of FAU Erlangen-Nürnberg. Patients gave written 
informed consent before participation in the study. All animal studies 
were performed in accordance with German law and approved by the 
Institutional Animal Care and Use Committee of FAU Erlangen-Nürn-
berg and the Animal Experiment Committee of the State Government 
of Lower Franconia, Würzburg, Germany.
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Experimental mouse models and high-resolution mini-endoscopy. 
Colitis was usually induced by the administration of 2.5% DSS in 
drinking water for 1 week, followed by normal drinking water until 
day 10 or 15, in cell-specific Arg1-deficient and Arg1-expressing lit-
termates. Knockouts and littermates were separated 2 to 3 weeks 
before the start of the experiments. Alternatively, mice were sensi-
tized by epicutaneous application of 3% oxazolone (4-ethoxymeth-
ylene-2-phenyl-2-oxazolin-5-one; MilliporeSigma) at a dilution of 
4:1 in a mixture of acetone and oil (100 μL) on day 0, followed by 
an intrarectal administration of 1% oxazolone in 50% ethanol (100 
μL) on day 5 (91); 1 mg tamoxifen (MilliporeSigma) per mouse was 
applied intraperitoneally every 24 hours 3 days before and during 
the course of the DSS colitis in inducible Cdh5-Cre Arg1fl/fl, Cdh5-Cre  
Arg1fl/fl, and Cdh5-Cre Arg1wt/wt mice. Feeding with l-arginine–free 
chow was started 7 days before the application of DSS and continued 
until the end of the DSS application cycle. The severity of inflam-
mation in the gut was analyzed by colonoscopy (high resolution 
mini-endoscopy; Karl Storz), as described (92). Briefly, the score was 
based on the following 5 parameters: (a) thickening of the colon wall, 
(b) changes in the normal vascular pattern, (c) presence of fibrin, (d) 
mucosal granularity, and (e) stool consistency. Endoscopic grading 
was performed for each parameter (score between 0 and 3), leading 
to a cumulative score between 0 (no signs of inflammation) and 15 
(very severe inflammation).

CLSFM and immunofluorescence spinning disc microscopy. Respec-
tive tissue slides were analyzed with the confocal microscope LSM 
700 or LSM 780 (ZEISS) using 405 nm, 488 nm, 555 nm, or 639 
nm laser lines. Processing of the images was performed with ZEN 
Software 2009 (ZEISS). Isotype control staining was performed to 
exclude nonspecific binding of the used antibodies (data not shown). 
Acquisition was also performed with an inverted ZEISS spinning disc 
microscope equipped with an Evolve Celta EMCCD camera (Pho-
tometics) using 405 nm and 488 nm laser lines. Image analyses were 
performed with ZEN blue 2012 software (ZEISS).

RNA-Seq. Profiling of whole-genome transcriptomic patterns 
was performed with 1 μg of high-quality total RNA per sample by 
RNA-Seq at the Next-Generation Sequencing (NGS) Core Unit of 
the Medical Faculty of FAU Erlangen-Nürnberg. Libraries of the 
samples were generated using the Illumina Stranded mRNA Library 
Kit. After sequencing on an Illumina HiSeq-2500 platform, sequenc-
es were assigned to their sample of origin according to the indices 
used. These demultiplexed reads were filtered for rRNAs, tRNAs, 
mt-rRNAs, and mt-tRNAs. The reads were aligned to the mouse 
reference genome (ENSEMBL GRCm38.85) and assigned to genes 
using Subread featureCounts 1.5.3. Only uniquely mapping reads 
that could unambiguously be assigned to a single gene were con-
sidered for analysis. The reads were then rlog normalized, and dif-
ferential expression calls were performed using DESeq2 1.16.1. For 
gene-level annotation, the biomaRt package was used. For advanced 
significance analysis, the following parameters were applied: empir-
ical analysis of DGE, P < 0.05 (Benjamini-Hochberg false discovery 
rate correction), log2 fold change > 2. Gene-enrichment and func-
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