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High iNOS and IL-1β immunoreactivity are features of colitis-associated colorectal 
cancer tumors, but fail to predict 5-year survival
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ABSTRACT
Background: Inflammatory bowel disease (IBD; mainly ulcerative colitis and Crohn’s disease) is associated 
with the development of colorectal cancer (CRC) referred to as colitis-associated colorectal cancer (CAC). 
In inflammatory flares of IBD, the production of luminal nitric oxide (NO) increases due to the increased in-
ducible nitric oxide synthase (iNOS) activity in inflamed tissue. It is believed that iNOS parallels pro-inflam-
matory interleukin-1β (IL-1β). How these biomarkers relate to CAC pathogenesis or survival is unknown.
Aim: The primary aim of this study was to investigate iNOS and IL-1β immunoreactivity in CAC tumors in 
comparison with CRC and normal colonic mucosa, and the secondary aim was to determine if immunore-
activity correlates with 5-year survival of CAC.
Methods: Immunohistochemistry was performed on tissue sections as follows: CAC (n = 59); sporadic CRC 
(sCRC) (n = 12); colonic mucosa >2 cm outside sCRC margin (normal mucosa) (n = 22); paracancerous IBD 
(pIBD) (n = 12). The expression of iNOS and IL-1β was quantified separately for epithelium and stroma. 
Data were evaluated using the Mann-Whitney U-test and the log-rank test for 5-year Kaplan-Meier survival 
curves. Results were compared with online mRNA databases.
Results: Immunoreactivity occurred predominantly in epithelial cells and to lesser extent in stroma. Com-
pared with normal mucosa, immunoreactivity for iNOS (P < 0.01) and IL-1β (P < 0.005) was higher in CAC 
epithelium. In CAC stroma, iNOS immunoreactivity was lower than normal mucosa (P < 0.001), whereas 
IL-1β was higher (P < 0.05). Immunoreactivity differences of iNOS or IL-1β among CAC patients failed to 
correlate with 5-year survival. These findings were supported by online mRNA databases.
Conclusion: Consistent with high NO production in IBD, there is more iNOS in CAC epithelium, albeit not in 
stroma. This immunoreactivity difference exists for IL-1β in both epithelium and stroma. The intervention 
of arginine or iNOS activity for CAC chemotherapy is not straightforward.
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Introduction

Inflammatory bowel disease (IBD) has increased in Sweden 
over the past century. IBD is subdivided into ulcerative colitis 
(UC), Crohn’s disease (CD), and unclassified (IBD-U). Data 
published a decade ago for the Uppsala region reported that 
yearly incidence of new cases of UC was 20/100 000, and that 
of CD was 9.9/100 000 (1, 2). Since 1970, the total population 
here has steadily risen by 5–10% every 5 years and is currently 
~400 000, amounting to roughly 100 new IBD cases annually, 
some of whom went on to develop colorectal cancer (CRC). IBD 
is associated with increased risk of CRC (3–6), justifying 
surveillance for cancer. Higher risk has been associated with 

long duration of IBD, extensive disease, active inflammation, 
and primary sclerosing cholangitis (PSC) (7–10). For research 
purposes, IBD patients who develop CRC are subclassified as 
‘colitis-associated colorectal cancer’ (CAC). Findings from 
epidemiological studies exploring parameters such as 
standardized mortality rate (SMR) in IBD vary but generally 
show higher mortality rates than for the background 
population (11). An important contributor to elevated SMR is 
CAC (11, 12). This implies that chronic inflammation in IBD is 
mitogenic and drives tumorigenesis.

Elevated rectal nitric oxide (NO) can be found in active 
colitis (13). Free diffusion across membranes and the unpaired 
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electron of this gaseous-free radical account for DNA double 
strand breaks thought to drive tumorigenesis. An important 
biochemical pathway for this in vivo is the reaction of NO with 
superoxide, forming highly reactive peroxynitrite, which 
oxidizes purine moieties within nucleosides and DNA (14–16). 
In addition to cells of the innate immune system, intestinal 
epithelial cells also appear to be able to generate NO. In 
support of this, human intestinal epithelial cells are responsive 
to IL-22 (17), a cytokine shown to drive inducible NO synthase 
(iNOS) expression, increasing nitrotyrosine and DNA breakage 
within colonic mucosal epithelial cells (18). Methotrexate 
induces reversible senescence in human sCRC cells with cell 
cycle-dependent changes in iNOS expression and the 
inhibition of NO production (19). Reversibility of methotrexate-
induced senescence is thought to underlie its ineffectiveness 
in treating CRC. Similarly, iNOS-depleted mice develop more 
polyps and dysplasia than those with functional iNOS (20). NO 
production in normal physiology is tightly regulated. Any 
deviation in NO production (higher or lower) is potentially 
tumorigenic. Thus, enforcing normal NO production early in 
IBD may prevent CAC. These studies further suggest that once 
tumors form, interventions targeting reduction in NO will not 
be tumoricidal. Although it is tempting to hypothesize that 
severity of inflammation in IBD correlates with CAC survival, it 
is unclear whether iNOS immunoreactivity, normally regarded 
as a pro-inflammatory biomarker, would correlate with cancer 
survival.

CRC prognosis is based on features of carcinoma cells and 
tumor stroma. Tumor stroma, consisting of fibroblasts, 
inflammatory cells, and endothelial cells, is important for tumor 
progression (21, 22). Crosstalk between carcinoma and stroma 
cells can enhance tumor formation and survival (23). Both iNOS 
and IL-1β have been implicated in this signaling (24, 25).

IL-1β is a highly pleiotropic cytokine with several 
downstream effects, for example, in acute and chronic 
inflammation and in recruitment and activation of lymphocytes 
and NK-cells. IL-1β is not intracellularly active and needs to be 
secreted to become active (26). Elevated mucosal IL-1β mRNA 
and protein expression have been reported in IBD (27, 28). 
Small amounts of IL-1β induce a specific immune response 
with limited inflammation, but the overexpression of IL-1β 
gives an extensive inflammation and tissue damage and 
enables tumor invasiveness (29, 30). The Cancer Genome Atlas 
(TCGA) database identified high IL-1β expression to be 
correlated with longer survival (31). Like iNOS, IL-1β seems 
capable of exerting a dual role in tumorigenesis and tumor 
defense. Both inflammatory proteins are biochemically 
connected insomuch as IL-1β activation of NF-ĸB leads to iNOS 
expression. To our knowledge, concomitant immunoreactivity 
has not been investigated in CAC tumors.

The primary aim of this study was to investigate iNOS and  
IL-1β immunoreactivity in CAC tumors compared with CRC 
tumors and non-cancerous colon mucosa. As a secondary aim, 
the role of these two biomarkers in 5-year survival of CAC was 
investigated. The test hypothesis was that iNOS and IL-1β are 
higher in CAC, and immunoreactivity predicts survival.

Methods

Study subjects and samples

Patients with IBD and CRC (i.e. CAC) registered between 1970 and 
2020 were identified from inpatient and outpatient registries. 
Inclusion criteria for CAC patients were as follows: a confirmed 
diagnosis of IBD; the diagnosis based on established clinical, 
endoscopic, and histological criteria (32); and concomitant 
colorectal adenocarcinoma with available blocks of cancer tissue. 
Exclusion criteria were of registry diagnosis of IBD or CRC that could 
not be confirmed in medical records. Sections from formalin-fixed 
paraffin-embedded blocks of cancerous tissue from 59 identified 
CAC subjects were used for histopathological examination and 
iNOS and IL-1β immunohistochemistry (IHC). This was compared to 
several different tissues stained according to the same protocol: 1. 
Normal colonic mucosa >2 cm outside CRC boundary (normal 
mucosa) (n = 22); 2. Paracancerous IBD mucosa <2 cm outside the 
CAC boundary (pIBD) (n = 12); 3. Cancer tissue from sCRC (n = 12). 
Exclusion criteria for CRC tissue were radiation therapy prior to 
surgery. Findings from normal mucosa were further verified in 
biopsies with no morphological evidence of inflammation from 
age-matched patients with Parkinson’s disease (n = 10). The study 
protocol was approved by the Central Ethics Review Board (Dnr Ö 
21-2012) and Stockholm and Regional Ethics Review Board 
(2017/219), Uppsala. All living subjects gave their written consent.

Immunohistochemistry

IHC for the quantification of iNOS (rabbit polyclonal, 1:200  
(final 20 µg/ml) ab3523, Abcam, Cambridge, UK) and IL-1β (rabbit 
polyclonal, 1:300 (1.7 µg/ml), ab9722, Abcam, Cambridge, UK) 
was performed on separate slides. Sections of 4 µm thickness 
were cut from paraffin-embedded blocks, deparaffinized, 
rehydrated, and microwaved for antigen retrieval. Endogenous 
peroxidases were blocked with H2O2 and sodium azide. Slides were 
incubated with primary antibodies overnight at  4°C.  Antigen-
antibody complex was visualized with 3,3´-diaminobenzedine 
(DAB) using a commercial horseradish peroxidase kit (Detection-
Envision FLEX system; DAKO #K800021-2, Agilent, Santa Clara, CA, 
USA), followed by counter-staining in Mayer’s hematoxylin. This 
was followed by dehydration and organic mounting (Pertex®, 
Histolab Products AB, Gothenburg, Sweden).

Scoring

For each subject, a representative part of each tissue section 
was selected for immunoreactivity scoring. Quantification of 
immunoreactivity was calculated separately for iNOS and IL-
1β by multiplying percentage of positive cells, 0, <5%; 1, 
5–25%; 2, 26–50%; 3, 51–75%; 4, >75%, and by staining 
intensity, 0, no staining; 1, weak; 2, moderate; 3, strong, 
creating a value of 0–12. Epithelium and stroma were scored 
separately. All sections were examined by two independent 
investigators (KB  and MG). When observations resulted in 
disparate scores, joint examinations were carried out to reach 
consensus.
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Statistics

Non-parametric statistics were used for all calculations. Statistical 
differences between two groups were determined with the 
Mann-Whitney U-test. Differences between several groups 
were  first analyzed with the Kruskal-Wallis test, followed by 
the  Mann-Whitney U-test. To compare survival rates against 
immunoreactivity, subjects were stratified for iNOS or IL-1β score. 
‘High’ immunoreactivity was defined as a score above or equal to 
median scoring value. ‘Low’ immunoreactivity was defined as a 
score below median. Kaplan-Meier curves were plotted for the 
separate high and low immunoreactivity groupings of iNOS and 
IL-1β, followed by statistical evaluation with the log-rank test. 
Correlations were calculated using the Spearman’s rank test. 
Statistical operations were done using Statistica software, version 
13 (TIBCO Software Inc., Palo Alto, CA, USA).

Results

Patient characteristics

A total of 59 CAC patients were identified by cross-analysis of 
electronic medical records from the Uppsala University Hospital. 
Patient characteristics are presented in Table 1. IBD subtype 
distribution was UC (n = 39), CD (n = 18), and IBD-U (n = 2). Of 
these, 17 had pediatric onset of IBD. Extensive disease was the 
most common phenotype, occurring in 12 of 18 (67%) CD 
patients, 26 of 39 (67%) UC patients, and both IBD-U cases. 
Among all 59 patients, seven (18%) had PSC, five with UC, one 
with CD, and one with IBD-U.

iNOS and IL-1β immunoreactivities are higher in CAC

Figure 1 shows representative images from the various tissues. 
Negative control experiments revealed that the presence of 
primary antibody was required to obtain DAB staining. 
Figure 1a–d exemplifies iNOS immunoreactivity in normal 
mucosa (a), CAC (b), sCRC (c), and pIBD (d). In iNOS panels, 
perinuclear localization in epithelial cells is evident. Figure 1e–h 
exemplifies diffuse immunoreactivity of IL-1β in normal mucosa 
(e), CAC (f ), sCRC (g), and pIBD (h).

Immunoreactivity of iNOS was found in epithelial cells of all 
59 tissue sections from the 59 CAC patients studied, with 
immunoreactivity scores ranging from 1 to 12. There was 
polarized and apparently perinuclear localization of iNOS in 
most cells in the epithelium in highly differentiated cancer and 
non-cancerous tissue. When iNOS immunoreactivity was found 
in cancerous tissue of low differentiation, the epithelial 
architecture was disrupted, and the location of iNOS was less 
distinct.

Immunoreactivity scores for iNOS in normal mucosa, CAC, 
pIBD, and sCRC are presented in Table 2. Comparing all 
four  groups, a significant difference was found for iNOS 
in  the  epithelium (P < 0.05) and stroma (P < 0.0001). 
Immunoreactivity of iNOS was found in all sections of normal 
mucosa, CAC, pIBD, and sCRC. Immunoreactivity of iNOS in 

the epithelium was significantly higher in CAC compared to 
normal mucosa. There were no differences between 
immunoreactivity scores of iNOS in the epithelium of normal 
mucosa, pIBD, and sCRC.

In stroma, iNOS immunoreactivity was found in 52 of the 59 
CAC patients with scores ranging from 1 to 4. In normal mucosa, 
iNOS immunoreactivity was found in stroma of all 22 patients. 

Table 1. Clinical characteristics of CAC cohort.
  All CD UC IBD-U

n (%) 59 (100) 18 (31) 39 (66) 2 (3)
Sex    
Female 17 (29) 5 (28) 11 (28) 1 (50)
Male 42 (71) 13 (72) 28 (72) 1 (50)
Age at IBD 
diagnosis

   

Mean (years) 28 29 30 24
Median (years) 27 31 27 24
<18 17 (29) 6 (33) 11 (28)
18 to <40 28 (47) 7 (39) 19 (49) 2 (100)
40 to <60 11 (19) 4 (22) 7 (18)
≥60 3 (5) 1 (6) 2 (5)
Age at cancer 
diagnosis

     

Mean (years) 52 54 51 52
Median (years) 51 56 50 52
<18 1 (2)   1 (3)
18 to <40 14 (24) 4 (22) 10 (26)
40 to <60 25 (42) 8 (44) 16 (41) 1 (50)
≥60 19 (32) 6 (33) 12 (31) 1 (50)
Stage at cancer 
diagnosis

     

Stage 1 12 (20) 2 (11) 9 (23) 1 (2)
Stage 2 15 (25) 4 (22) 10 (26) 1 (2)
Stage 3 19 (32) 7 (39) 12 (31)
Stage 4 11 (19) 4 (22) 7 (18)
Unknown 2 (3) 1 (6) 1 (3)
Extension of IBD      
Proctitis 3 (5)   3 (8)
Leftsided 8 (14)   8 (21)
Extensive 40 (68) 12 (67) 26 (67) 2 (100)
Ileocecal 3 (5) 3 (17)  
Unknown extent 5 (8) 3 (17) 2 (5)
Localization of 
cancer

     

Rectum 15 (25) 6 (33) 9 (23)
Left colon 11 (19) 2 (11) 8 (21) 1 (50)
Transverse colon 4 (7) 1 (6) 3 (8)
Right colon 22 (37) 5 (28) 16 (41) 1 (50)
Multiple locations 4 (7) 2 (11) 2 (5)
Anastomosis 2 (3) 2 (11)  
Unknown location 1 (2)   1 (3)
Concomitant cancer 
location

     

Yes 46 (78) 14 (78) 30 (77) 2 (100)
No 8 (14) 1 (6) 7 (18)
Unknown 5 (8) 3 (17) 2 (5)

CD: Crohn’s disease; UC: ulcerative colitis; IBD: inflammatory bowel disease; 
IBD-U: unclassified IBD.
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pIBD was found in 11 out of 12 patients, and sCRC was found in 
9 of 12 patients. Normal mucosa had significantly higher iNOS 
immunoreactivity in stroma than in CAC (P < 0.001) or sCRC 
(P < 0.0001) (Table 2).

IL-1β immunoreactivity was found in epithelium of all tissue 
sections from CAC (ranging 3–12), pIBD, and sCRC patients. In 
normal mucosa, IL-1β immunoreactivity was found in 21 of 22 
patients, located throughout the cytosol of nearly all epithelial 
cells. Immunoreactivity of IL-1β in epithelium was higher in CAC 
than in normal mucosa (P < 0.05). There were no differences of 
IL-1β in normal mucosa compared with pIBD or sCRC (Table 2).

In stroma, IL-1β immunoreactivity was found in all sections 
from patients with CAC (ranging 1–9), and in normal mucosa, it 
was found in pIBD and sCRC patients. Compared with normal 
mucosa, IL-1β immunoreactivity in stroma was higher in CAC 
(P < 0.05) and pIBD (P < 0.005) patients. There was no difference 
of IL-1β in control tissues compared to sCRC (Table 2).

The quantified immunoreactivity in CAC showed no correlation 
between iNOS and IL-1β in epithelium (r = 0.12, P = 0.35), whereas 
in stroma, a weak correlation between iNOS and IL-1β was found 
(r = 0.36, P < 0.05) (Figure 2). In normal mucosa, immunoreactivity 

scores of iNOS and IL-1β did not correlate in epithelium (r = 0.01, 
P = 0.97) or stroma (r = −0.14, P = 0.53).

Biopsies from colon mucosa of subjects with Parkinson’s 
disease were immunoreactive for iNOS as well as IL-1β in both 
epithelium and stroma.

iNOS and IL-1β immunoreactivities fail to predict outcome

CAC survival rates did not differ between patients with high 
versus low iNOS immunoreactivity scores in epithelium 
(Figure 3a, P = 0.94) or high versus low iNOS scores in stroma 
(Figure 3b, P = 0.68). Similarly, CAC survival curves of high versus 
low IL-1β scores did not differ for epithelium (Figure 3c, P = 0.63) 
or stroma (Figure 3d, P = 0.93). CAC survival time did not 
correlate with iNOS immunoreactivity scores in epithelium 
(r = 0.15) or stroma (r = −0.04) or with IL-1β immunoreactivity in 
epithelium (r = 0.02) or stroma (r = 0.13). Combining 
immunoreactivity scores of iNOS and IL-1b in epithelium as well 
as stroma also did not result in any correlation. Hazard ratios 
(HR) for all survival comparisons would, therefore, not be 
statistically different from 1.

Figure 2. Correlations of iNOS and IL-1β IHC scores in epithelium and 
stroma in CAC. n = 59 (one slide per patient). Epithelium R = 0.12, P = 0.345 
(NS); stroma R = 0.36, P < 0.01.

Table 2. Differences in iNOS and IL-1β immunoreactivity in normal mucosa, 
CAC, sCRC, and pIBD. Data are immunoreactivity scores, median (IQR).

Epithelium P (vs. NM) Stroma P (vs. NM)

iNOS
Normal mucosa 4 (4–8) N.A. 3.5 (2–4) N.A.
CAC 8 (6–9) P < 0.01 2 (1–3) P < 0.001
sCRC 4.5 (2–9) P = 0.52 1 (0.5–2) P < 0.0001
pIBD 6 (5–8) P = 0.41 2.5 (1–4) P = 0.26
IL-1β
Normal mucosa 5 (4–8) N.A. 3.5 (2–4) N.A.
CAC 8 (6–9) P < 0.05 4 (3–6) P < 0.05
sCRC 4 (4–4) P = 0.12 3 (2–4) P = 0.64
pIBD 8 (8–8) P = 0.09 6 (4–7) P < 0.005

iNOS: inducible nitric oxide synthase; NM: normal mucosa; CAC: colitis-associated 
cancer; sCRC; sporadic colorectal cancer; pIBD: paracancerous IBD mucosa.
Bold values indicate statistical significance.

Figure 1. Immunoreactivity of iNOS in normal mucosa (a), CAC (b), sCRC 
(c), and pIBD (d). Immunoreactivity of IL-1β in colonic mucosa (e), CAC (f ), 
sCRC (g), and pIBD (H). IL-1β has a strong diffuse staining in epithelium as 
well as stroma.
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IHC findings are supported by online mRNA data

Online databases were searched for mRNA data to explore 
consensus with the present IHC results. Dataset GSE4183 (33) 
was used for establishing baseline mRNA expression and 
statistical comparisons between NOS2A and IL1B expression in 
normal colon, CRC, and IBD biopsies. Survival differences for 
low versus high NOS2A and IL1B mRNA expression were 
explored in public mRNA datasets for CAC- and CRC-derived 
samples. Dataset GSE3629 (34) was identified as having 
comparison mRNA data for CAC versus CRC, but there was no 
survival data. TCGA Pan-Cancer Analysis Project (35, 36) has 
survival data for a large number of samples defined as colon 
adenocarcinoma (COAD) and rectum adenocarcinoma (READ), 
but IBD cases within were not documented. Therefore, a CAC 
gene profile was generated. A set of 40 genes that discern CAC 
from UC without cancer (34) were used to screen another 
mRNA dataset for overlapping significant expression 
differences between IBD and CRC (33). This resulted in a profile 
of seven genes: LRP6, BTN3A1, GBP4, GBP1, CYSLTR1, GBP5, and 
SLA. These were used to isolate likely CAC samples in the TCGA 
pan-cancer cohort. Out of 588 adenocarcinoma samples, 22 
matches for CAC were identified. These were used for 

comparison of NOS2A and IL1B mRNA expression in CAC versus 
CRC (n = 566) and survival analysis. Details from these searches 
appear in Supplement 1. Findings are summarized in Table 3. 
NOS2A and IL1B genes were expressed in normal colon. Median 
expression of both genes was higher in IBD. Both medians 
were higher in CAC than CRC, with NOS2A reaching significance. 
Survival in CAC for lower versus higher expression did not 
reach significance for either gene. Data in the online databases 
were generally in line with the IHC findings.

Discussion

IBD patients suffer from higher risk of CRC than the background 
population. This is especially true for younger patients. In 
Sweden, the median age for the diagnosis of colon cancer was 
74 years between 2007 and 2022 (37), and 71 years for rectal 
cancer between 1995 and 2022 (38). The median age of 
diagnosis in our study is markedly lower (51 years). Survival of 
CAC patients remains poor despite lower stage at diagnosis 
achieved by surveillance. This implies that earlier age of CAC 
diagnosis relative to CRC is not an artefact of earlier detection 
due to surveillance of IBD patients. As NO is regarded as a 

Figure 3. Kaplan-Meier survival plots for CAC stratified by iNOS or IL-1β in epithelium or stroma. (a) Epithelium score for iNOS, high (n = 38) and low (n = 11). 
(b) Stroma score for iNOS, high (n = 38) and low (n = 21). (c) Epithelium score for IL-1β, high (n = 43) and low (n = 16). (d) Stroma score for IL-1β, high (n = 41) 
and low (n = 18). ‘High’ was defined as score above or same as median; ‘low’ was defined as score below median.

https://ujms.net/index.php/ujms/article/view/10241/16626
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biomarker of inflammatory activity in colonic disease, 
immunoreactivity of iNOS and IL-1β (e.g., as by promoting iNOS 
expression) was hypothesized to predict CAC prognosis. 
Immunoreactivities of iNOS and IL-1β were, indeed, higher 
in  CAC than the other groups. However, differences in 
immunoreactivity did not correlate with 5-year CAC survival. 
Apparently, higher iNOS and IL-1β in CAC tumors represent 
features typical of the preexisting background IBD but are not 
variables in CAC aggressiveness.

This study covered patients diagnosed with CAC over a 
50 year period. The findings are consistent with elevated iNOS 
and IL-1β in tumor growth. Nath et al. (39) reviewed current 
understanding that NO produced by iNOS in cancer cells 
promotes tumor growth, whereas NO produced by iNOS in 
TAMs is tumoricidal. These effects might change over time in 
response to different stimuli. Expression and degradation rates 
of iNOS as well as NO production and downstream signaling 
could all depend on timepoint in tumor progress. The spread in 
iNOS immunoreactivity scores allows for this to be possible. 
Differences in immunoreactivity cannot discern changes in 
expression from changes in degradation and may not be 
proportional to enzyme activity or products (e.g., NO vs. direct 
S-nitrosation) that depend on other chemical variables and 
binding with other proteins. The lack of significant correlation of 
iNOS or IL-1β immunoreactivity with survival could indicate that 
iNOS and IL-1β were sufficiently elevated in most CAC patients 
such as to have saturated any effects on survival.

Tumor-associated macrophages (TAMs) are important for 
immunological tumor defense. Local cytokines stimulate 
differentiation to type 1 (M1) or type 2 (M2) TAMs (40). M1 is 

antitumoral, whereas M2 has pro-tumorigenic properties. The 
M1 strongly expresses iNOS, which generates high NO 
concentrations with deleterious effects on tumor cells. There 
were insufficient numbers of macrophages in the present 
sections to quantify M1 versus M2 TAMs, so this was not pursued. 
However, this study found that normal colonic mucosa also 
expresses iNOS and hence must be a substantial source of NO. 
Immunoreactivity of iNOS and IL-1β correlated in stroma but not 
epithelium. This could be attributed to interaction between 
iNOS and IL-1β in TAMs within the stroma as previously reported 
(39). IL-1β is part of the inflammatory response of M1 
macrophages. Secreted form of IL-1β can diffuse into the tumor 
microenvironment and has been discussed to potentiate 
molecules from malignant stroma cells that promote 
invasiveness and metastasis (30).

Most biomarkers for the outcome of adenocarcinoma used in 
histology are related to the adenoma-carcinoma pathway and 
show mutations in oncogenes such as KRAS, NRAS, BRAF, APC, 
and DDF (41). Ki-67 is used as a cellular marker for proliferation 
(42). Cancer development in IBD differs from the main 
population.  The inflammation-dysplasia-carcinoma pathway 
APC dysregulation and KRAS mutations are less frequent than 
in  CRC (43). NOD-like receptor pyrin domain-3 (NLRP3) 
inflammasome is upregulated in CRC. When NLRP3 was inhibited 
in a xenograft mouse model, IL-1β and IL-18 decreased (44). 
Inflammation is thought to be a driver for the development of 
CAC and many cancers in general. Because luminal NO is elevated 
in colitis, this study instead focused on tumor immunoreactivity 
of IL-1β (a known inducer of iNOS) and iNOS. Factors such 
as  increased peroxynitrite production may well provoke 
tumorigenesis in IBD. Once this advances to CAC, other factors, 
such as mutations in oncogenes, are more predictive of survival.

In normal mucosa and highly differentiated tumors, iNOS 
immunoreactivity usually had a peri-nuclear localization, 
whereas in low-differentiated cancerous mucosa, iNOS 
immunoreactivity was usually distributed diffusely throughout 
the cytosol. The present IHC scoring, which only quantified iNOS 
immunoreactivity, covered the entirety of the analyzed tumor 
tissues, so did not factor in subcellular localization. The fact that 
normal colonic mucosa also had iNOS immunoreactivity 
confirms findings by others (45–47) that described either local 
expression in apical cytoplasm facing the lumen or less distinctly 
in epithelium. Differences in localization could conceivably 
involve different iNOS binding proteins and targets for 
S-nitrosation and even different relative amounts of liberated 
NO versus direct S-nitrosation. Biochemical consequences in 
CAC are unclear to us.

Immune checkpoint inhibitors (ICIs) are a new, game changing 
treatment for many patients, but still some cancers resist even 
this treatment. It has been shown in vitro that an NO donor can 
help overcome immune resistance for ICI (48). More traditional 
cytostatic agents can have better effect when coupled with an 
NO donor (49). For the time being, limitations in applying NO or 
NO-modified drugs have insufficient specificity, despite systemic 
toxicity. There is no consensus on ICI treatment for CAC. Expert 
opinion is that it can be beneficial if the colitis is well treated (50).

Table 3. Expression and survival data from online mRNA databases.
Median mRNA 
expression

Normal IBD CRCa CACb P

IBD vs. CRC vs. CRCa vs.

Normal Normal CACb

N 566 22
NOS2A (counts) - - 506.0 1415.7 0.0141
IL1B (counts) - - 252.7 405.4 0.1507
N 8 14 15
NOS2A (RE) 251.9 2102.9 340.6 - 0.0009 0.1464
IL1B (RE) 311.6 2242.7 2131.0 - 0.0003 0.0009

Survival based on mRNA
CRCa CACb 

N (low|high) 283 283 11 11
NOS2A
HR (low/high) 0.651 0.770
Logrank P 0.027 0.730
IL1B
HR (low/high) 0.775 1.042
Logrank P 0.180 0.960

HR: hazard ratio; counts (normalized counts); RE: relative expression; CRC: 
colorectal cancer; COAD: colon adenocarcinoma; READ: rectum 
adenocarcinoma; CAC: colitis-associated colorectal cancer; Normal: normal 
colon; IBD: inflammatory bowel disease; P-value, Mann-Whitney U-test.
aCRC counts (normalized counts) = combined COAD and READ datasets 
from TCGA Pan-Cancer Atlas.
bProposed CAC cases from COAD and READ datasets. See also Supplement 1.
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This study demonstrated iNOS and IL-1β expression in 
cancerous as well as non-cancerous tissue and in inflamed tissue 
as well as non-inflammatory tissue. IL-1β expression was higher 
in CAC epithelium as well as stroma compared to normal 
mucosa. The iNOS immunoreactivity, on the other hand, was 
only more pronounced in CAC epithelium. However, survival 
curves were not separable by differences in iNOS or IL-1β 
immunoreactivity. The fact that so many cancer cells displayed 
immunoreactivity for both proteins implies that a positive 
feedback mechanism may exist in which IL-1β is secreted by the 
cancer cell and binds to the receptor on the same cell, activating 
NF-ĸB, which, in turn, activates iNOS expression (51). The survival 
findings prevent a simple understanding of what impact 
intervening in such a loop (e.g., arginine metabolism or NOS 
inhibition) would have for CAC patients.

Strengths and limitations

IHC was carried out using established methods and clearly 
visualized the two biomarkers against reasonably low background. 
However, IHC represents momentary immunoreactivity without 
any means of pairwise comparisons in same individual over 
time. Because iNOS has different products and protein 
interactions, it is possible that survival is associated with some 
aspect of iNOS activity not revealed by immunoreactivity. 
Because IL-1β is a cytokine (i.e. secreted into circulation), 
immunoreactivity in tumors cannot unambiguously differentiate 
cells that express and secrete IL-1β from those that only have 
IL-1β receptor and internalize it.

The CAC sample size (n = 59) covers all identifiable cases in 
the past 50 years from the local population meeting inclusion/
exclusion criteria. Extracted data therefore reflect actual fallout 
of clinical work in this select group of patients. Expanding the 
study by increasing the sample size would risk additional 
insecurities of appending non-local clinical data. If a much larger 
sampling is needed to reach significance, then an effect at the 
level of immunoreactivity would be small and inconsistent and, 
therefore, of poor predictive value for any individual CAC 
patient. Resources should focus on other variables.

Conclusion

Immunoreactivities of iNOS and IL-1β are increased in CAC, 
which should primarily be considered features of preexisting 
background chronic inflammatory processes in IBD. Elevated 
luminal NO concentration reported in colitis likely derives from 
supraphysiological mucosal iNOS expression with greater 
enzyme activity, chronically increasing peroxynitrite, thus 
increasing cancer risk.

Acknowledgments

The authors thank Dr. Svetlana Popova (Research and 
Development Service, Department of Clinical Pathology, 
Uppsala University Hospital) for cutting sections and performing 

IHC for both iNOS and IL-1β through the automated routine 
pathology unit facilities. In memoriam of Alkwin Wanders who 
performed IHC and slide scoring in pilot studies.

Funding

KB gratefully acknowledges funding from riktade FoU-medel 
Region Uppsala (2018). DLW, KB, and PMH gratefully 
acknowledge funding from Erik, Karin, and Gösta Selanders 
Foundation (2018, 2020, and 2021).

Data availability statement

Data that are used in the results and conclusions in this study 
can be provided upon reasonable request.

Disclosure statement

The authors declare no conflict of interest.

Notes on contributors

Kajsa Björner, MD, Specialist Gastroenterologist, PhD student at 
the Department of Medical Sciences, Gastroenterology/
Hepatology Unit, Uppsala University, Sweden.

Wei-Na Chen, MBBS, MMed, MD, Gastroenterology and 
Hepatology Unit, Department of Medical Sciences, Uppsala 
University, Uppsala, Sweden.

Venkata Ram Gannavarapu, BDS, MS, PhD, Gastroenterology 
and Hepatology Unit, Department of Medical Sciences, Uppsala 
University, Uppsala, Sweden.

Fredrik Axling, MSc, PhD candidate, Biomedical Scientist, 
Department of Surgical Sciences, Uppsala University, Uppsala, 
Sweden.

Miklos Gulyas, MD, PhD, Associate Professor, Pathologist, 
Department of Immunology, Genetics and Pathology, Uppsala 
University, Uppsala, Sweden.

Mohammad Abdul Halim, BSc, MS, MS, PhD, Biomedical 
Scientist, Gastroenterology and Hepatology Unit, Department 
of Medical Sciences, Uppsala University, Uppsala, Sweden.

Dominic-Luc Webb, BSc, PhD, Associate Professor of 
Experimental Gastroenterology, Researcher and Supervisor at 
Gastroenterology and Hepatology Unit, Department of Medical 
Sciences, Uppsala University, Uppsala, Sweden.

Per M. Hellström, MD, PhD, Professor of Gastroenterology, 
Gastroenterology and Hepatology Unit, Department of Medical 
Sciences, Uppsala University, Uppsala, Sweden.

ORCiD

Kajsa Björner  https://orcid.org/0000-0002-0092-7581
Wei-Na Chen  https://orcid.org/0000-0002-9474-6262

https://orcid.org/0000-0002-0092-7581
https://orcid.org/0000-0002-0092-7581
https://orcid.org/0000-0002-9474-6262
https://orcid.org/0000-0002-9474-6262


8 K. BJÖRNER ET AL.

Venkata Ram Gannavarapu  https://orcid.org/0000-0002-0999-
4633
Fredrik Axling  https://orcid.org/0000-0003-3748-3176
Miklos Gulyas  https://orcid.org/0000-0003-4988-6933
Md. Abdul Halim  https://orcid.org/0000-0001-6220-3936
Dominic-Luc Webb  https://orcid.org/0000-0002-6979-9194
Per M. Hellström  https://orcid.org/0000-0001-8428-0772

References
 1. Sjöberg D, Holmström T, Larsson M, Nielsen A-L, Holmquist L, Ekbom A, 

et al. Incidence and natural history of ulcerative colitis in the Uppsala 
Region of Sweden 2005–2009 – results from the IBD cohort of the 
Uppsala Region (ICURE). J Crohns Colitis. 2013;7:e351–7. doi: 10.1016/j.
crohns.2013.02.006

 2. Sjöberg D, Holmström T, Larsson M, Nielsen A-L, Holmquist L, Ekbom 
A, et al. Incidence and clinical course of Crohn’s disease during the 
first year – results from the IBD Cohort of the Uppsala Region (ICURE) 
of Sweden 2005–2009. J Crohns Colitis. 2014;8:215–22. doi: 10.1016/j.
crohns.2013.08.009

 3. Ekbom A, Helmick C, Zack M, Adami H-O. Ulcerative colitis and 
colorectal cancer. N Engl J Med. 1990;323:1228–33. doi: 10.1056/
NEJM199011013231802

 4. Eaden JA, Abrams KR, Mayberry JF. The risk of colorectal cancer in ulcer-
ative colitis: a meta-analysis. Gut. 2001;48:526–35. 

 5. Gillen CD, Andrews HA, Prior P, Allan RN. Crohn’s disease and colorectal 
cancer. Gut. 1994;35:651–5. 

 6. Olén O, Erichsen R, Sachs MC, Pedersen L, Halfvarson J, Askling J, 
et al. Colorectal cancer in ulcerative colitis: a Scandinavian popula-
tion-based cohort study. Lancet. 2020;395(10218):123–31. doi: 10.1016/
S0140-6736(19)32545-0

 7. Nieminen U, Jussila A, Nordling S, Mustonen H, Färkkilä MA. 
Inflammation and disease duration have a cumulative effect on the risk 
of dysplasia and carcinoma in IBD: a case-control observational study 
based on registry data. Int J Cancer J Int Cancer. 2014;134:189–96. doi: 
10.1002/ijc.28346

 8. Gupta RB, Harpaz N, Itzkowitz S, Hossain S, Matula S, Kornbluth A, 
et  al. Histologic inflammation is a risk factor for progression to col-
orectal neoplasia in ulcerative colitis: a cohort study. Gastroenterology. 
2007;133:1099–105; quiz 1340–1. doi: 10.1053/j.gastro.2007.08.001

 9. Jess T, Loftus EV Jr, Velayos FS, Winther KV, Tremaine WJ, Zinsmeister AR, 
et  al. Risk factors for colorectal neoplasia in inflammatory bowel dis-
ease: a nested case-control study from Copenhagen county, Denmark 
and Olmsted county, Minnesota. Am J Gastroenterol. 2007;102:829–36. 
doi: 10.1111/j.1572-0241.2007.01070.x

10. Bonovas S, Fiorino G, Lytras T, Nikolopoulos G, Peyrin-Biroulet L, Danese 
S. Systematic review with meta-analysis: use of 5-aminosalicylates and 
risk of colorectal neoplasia in patients with inflammatory bowel disease. 
Aliment Pharmacol Ther. 2017;45:1179–92. doi: 10.1111/apt.14023

11. Bewtra M, Kaiser LM, TenHave T, Lewis JD. Crohn’s disease and ulcer-
ative colitis are associated with elevated standardized mortality ratios: 
a meta-analysis. Inflamm Bowel Dis. 2013;19:599–613. doi: 10.1097/
MIB.0b013e31827f27ae

12. Jussila A, Virta LJ, Pukkala E, Färkkilä MA. Mortality and causes of 
death in patients with inflammatory bowel disease: a nationwide reg-
ister study in Finland. J Crohns Colitis. 2014;8:1088–96. doi: 10.1016/j.
crohns.2014.02.015

13. Ljung T, Lundberg S, Varsanyi M, Johansson C, Schmidt PT, Herulf M, et al. 
Rectal nitric oxide as biomarker in the treatment of inflammatory bowel 
disease: responders versus nonresponders. World J Gastroenterol. 
2006;12:3386–92. 

14. Douki T, Cadet J. Peroxynitrite mediated oxidation of purine bases of 
nucleosides and isolated DNA. Free Radic Res. 1996;24:369–80. doi: 
10.3109/10715769609088035

15. Lao-Sirieix P, Fitzgerald RC. Role of the micro-environment in Barrett’s 
carcinogenesis. Biochem Soc Trans. 2010;38:327–30. doi: 10.1042/
BST0380327

16. Sherman MP, Aeberhard EE, Wong VZ, Simmons MS, Roth MD, Tashkin 
DP. Effects of smoking marijuana, tobacco or cocaine alone or in com-
bination on DNA damage in human alveolar macrophages. Life Sci. 
1995;56:2201–7. doi: 10.1016/0024-3205(95)00208-N

17. Takasawa S, Tsuchida C, Sakuramoto-Tsuchida S, Takeda M, Itaya-
Hironaka A, Yamauchi A, et al. Expression of human REG family genes in 
inflammatory bowel disease and their molecular mechanism. Immunol 
Res. 2018;66:800–5. doi: 10.1007/s12026-019-9067-2

18. Wang C, Gong G, Sheh A, Muthupalani S, Bryant EM, Puglisi DA, et al. 
Interleukin-22 drives nitric oxide-dependent DNA damage and dyspla-
sia in a murine model of colitis-associated cancer. Mucosal Immunol. 
2017;10:1504–17. doi: 10.1038/mi.2017.9

19. Dabrowska M, Uram L, Zielinski Z, Rode W, Sikora E. Oxidative stress 
and inhibition of nitric oxide generation underlie methotrexate-in-
duced senescence in human colon cancer cells. Mech Ageing Dev. 
2018;170:22–9. doi: 10.1016/j.mad.2017.07.006

20. Zhang R, Ma A, Urbanski SJ, McCafferty D-M. Induction of inducible nitric 
oxide synthase: a protective mechanism in colitis-induced adenocarci-
noma. Carcinogenesis. 2007;28:1122–30. doi: 10.1093/carcin/bgl224

21. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002;420(6917): 
860–7. doi: 10.1038/nature01322

22. Conti J, Thomas G. The role of tumour stroma in colorectal cancer invasion 
and metastasis. Cancers. 2011;3:2160–8. doi: 10.3390/cancers3022160

23. Baghban R, Roshangar L, Jahanban-Esfahlan R, Seidi K, Ebrahimi-Kalan 
A, Jaymand M, et al. Tumor microenvironment complexity and thera-
peutic implications at a glance. Cell Commun Signal. 2020;18:59. doi: 
10.1186/s12964-020-0530-4

24. Zhu Y, Zhu M, Lance P. iNOS signaling interacts with COX-2 pathway 
in colonic fibroblasts. Exp Cell Res. 2012;318:2116–27. doi: 10.1016/j.
yexcr.2012.05.027

25. Zhu Y, Zhu M, Lance P. IL1β-mediated Stromal COX-2 signaling mediates 
proliferation and invasiveness of colonic epithelial cancer cells. Exp Cell 
Res. 2012;318:2520–30. doi: 10.1016/j.yexcr.2012.07.021

26. McEntee CP, Finlay CM, Lavelle EC. Divergent roles for the IL-1 family 
in gastrointestinal homeostasis and inflammation. Front Immunol. 
2019;10:1266. doi: 10.3389/fimmu.2019.01266

27. Reimund J-M, Wittersheim C, Dumont S, Muller CD, Baumann R, 
Poindron P, et al. Mucosal inflammatory cytokine production by intesti-
nal biopsies in patients with ulcerative colitis and Crohn’s disease. J Clin 
Immunol. 1996;16:144–50. doi: 10.1007/BF01540912

28. McAlindon ME, Hawkey CJ, Mahida YR. Expression of interleukin 1β and 
interleukin 1β converting enzyme by intestinal macrophages in health 
and inflammatory bowel disease. Gut. 1998;42:214–9. doi: 10.1136/
gut.42.2.214

29. Apte RN, Krelin Y, Song X, Dotan S, Recih E, Elkabets M, et al. Effects of 
micro-environment- and malignant cell-derived interleukin-1 in car-
cinogenesis, tumour invasiveness and tumour–host interactions. Eur J 
Cancer. 2006;42:751–9. doi: 10.1016/j.ejca.2006.01.010

30. Song X, Voronov E, Dvorkin T, Fima E, Cagnano E, Benharroch D, 
et al. Differential effects of IL-1α and IL-1β on tumorigenicity pat-
terns and invasiveness. J Immunol. 2003;171:6448–56. doi: 10.4049/
jimmunol.171.12.6448

31. Chen Y, Yang Z, Deng B, Wu D, Quan Y, Min Z. Interleukin 1β/1RA axis in 
colorectal cancer regulates tumor invasion, proliferation and apoptosis 
via autophagy. Oncol Rep. 2020;43:908–18. doi: 10.3892/or.2020.7475

32. Sands BE. From symptom to diagnosis: clinical distinctions among vari-
ous forms of intestinal inflammation. Gastroenterology. 2004;126:1518–
32. doi: 10.1053/j.gastro.2004.02.072

33. Galamb O, Györffy B, Sipos F, Spisák S, Németh AM, Miheller P, et al. 
Inflammation, adenoma and cancer: objective classification of colon 
biopsy specimens with gene expression signature. Dis Markers. United 
States. 2008;25:1–16. doi: 10.1155/2008/586721

https://orcid.org/0000-0002-0999-4633
https://orcid.org/0000-0002-0999-4633
https://orcid.org/0000-0002-0999-4633
https://orcid.org/0000-0003-3748-3176
https://orcid.org/0000-0003-3748-3176
https://orcid.org/0000-0003-4988-6933
https://orcid.org/0000-0003-4988-6933
https://orcid.org/0000-0001-6220-3936
https://orcid.org/0000-0001-6220-3936
https://orcid.org/0000-0002-6979-9194
https://orcid.org/0000-0002-6979-9194
https://orcid.org/0000-0001-8428-0772
https://orcid.org/0000-0001-8428-0772
https://doi.org/10.1016/j.crohns.2013.02.006
https://doi.org/10.1016/j.crohns.2013.02.006
http://10.1016/j.crohns.2013.08.009
http://10.1016/j.crohns.2013.08.009
https://doi.org/10.1056/NEJM199011013231802
https://doi.org/10.1056/NEJM199011013231802
https://doi.org/10.1016/S0140-6736(19)32545-0
https://doi.org/10.1016/S0140-6736(19)32545-0
https://doi.org/10.1002/ijc.28346
https://doi.org/10.1053/j.gastro.2007.08.001
https://doi.org/10.1111/j.1572-0241.2007.01070.x
https://doi.org/10.1111/apt.14023
https://doi.org/10.1097/MIB.0b013e31827f27ae
https://doi.org/10.1097/MIB.0b013e31827f27ae
https://doi.org/10.1016/j.crohns.2014.02.015
https://doi.org/10.1016/j.crohns.2014.02.015
https://doi.org/10.3109/10715769609088035
https://doi.org/10.1042/BST0380327
https://doi.org/10.1042/BST0380327
https://doi.org/10.1016/0024-3205(95)00208-N
https://doi.org/10.1007/s12026-019-9067-2
https://doi.org/10.1038/mi.2017.9
https://doi.org/10.1016/j.mad.2017.07.006
https://doi.org/10.1093/carcin/bgl224
https://doi.org/10.1038/nature01322
https://doi.org/10.3390/cancers3022160
https://doi.org/10.1186/s12964-020-0530-4
https://doi.org/10.1016/j.yexcr.2012.05.027
https://doi.org/10.1016/j.yexcr.2012.05.027
https://doi.org/10.1016/j.yexcr.2012.07.021
https://doi.org/10.3389/fimmu.2019.01266
https://doi.org/10.1007/BF01540912
https://doi.org/10.1136/gut.42.2.214
https://doi.org/10.1136/gut.42.2.214
https://doi.org/10.1016/j.ejca.2006.01.010
https://doi.org/10.4049/jimmunol.171.12.6448
https://doi.org/10.4049/jimmunol.171.12.6448
https://doi.org/10.3892/or.2020.7475
https://doi.org/10.1053/j.gastro.2004.02.072
https://doi.org/10.1155/2008/586721


iNOS AND IL-1β IN COLITIS-ASSOCIATED CANCER 9

34. Watanabe T, Kobunai T, Toda E, Kanazawa T, Kazama Y, Tanaka J, et al. 
Gene expression signature and the prediction of ulcerative colitis-as-
sociated colorectal cancer by DNA microarray. Clin Cancer Res Off 
J Am Assoc Cancer Res. United States. 2007;13(2 Pt 1):415–20. doi: 
10.1158/1078-0432.CCR-06-0753

35. Weinstein JN, Collisson EA, Mills GB, Shaw KRM, Ozenberger BA, Ellrott 
K, et al. The cancer genome atlas pan-cancer analysis project. Nat Genet. 
2013;45:1113–20. doi: 10.1038/ng.2764

36. Liu J, Lichtenberg T, Hoadley KA, Poisson LM, Lazar AJ, Cherniack AD, 
et al. An integrated TCGA pan-cancer clinical data resource to drive 
high-quality survival outcome analytics. Cell. 2018;173:400–16.e11. doi: 
10.1016/j.cell.2018.02.052

37. Swedish colorectal cancer registry (colon). Available from: https://statis-
tik.incanet.se/kolorektal/kolon/ [cited 8 Jun 2023].

38. Swedish colorectal cancer registry (rectum). Available from: https://
statistik.incanet.se/kolorektal/rektum/ [cited 8 Jun 2023].

39. Nath N, Kashfi K. Tumor associated macrophages and ‘NO’. Biochem 
Pharmacol. 2020;176:113899. doi: 10.1016/j.bcp.2020.113899

40. Murray PJ. Macrophage polarization. Annu Rev Physiol. 2017;79:541–66. 
doi: 10.1146/annurev-physiol-022516-034339

41. Fearon ER, Wicha MS. KRAS and cancer stem cells in APC-mutant colorec-
tal cancer. J Natl Cancer Inst. 2014;106:djt444. doi: 10.1093/jnci/djt444

42. Scholzen T, Gerdes J. The Ki-67 protein: from the known and the 
unknown. J Cell Physiol. 2000;182:311–22. doi: 10.1002/(SICI)1097-4652 
(200003)182:3<311::AID-JCP1>3.0.CO;2-9

43. Saraggi D, Fassan M, Mescoli C, Scarpa M, Valeri N, Michielan A, et al. The 
molecular landscape of colitis-associated carcinogenesis. Dig Liver Dis. 
2017;49:326–30. doi: 10.1016/j.dld.2016.12.011

44. Shi F, Wei B, Lan T, Xiao Y, Quan X, Chen J, et al. Low NLRP3 expres-
sion predicts a better prognosis of colorectal cancer. Biosci Rep. 
2021;41:BSR20210280. doi: 10.1042/BSR20210280

45. Olesen M, Middelveld R, Bohr J, Tysk C, Lundberg S, Eriksson JON, 
et al. Luminal nitric oxide and epithelial expression of induc-
ible and endothelial nitric oxide synthase in collagenous and 
lymphocytic colitis. Scand J Gastroenterol. 2003;38:66–72. doi: 
10.1080/00365521.2018.12027890

46. Perner A, Andresen L, Normark M, Rask-Madsen J. Constitutive expres-
sion of inducible nitric oxide synthase in the normal human colonic epi-
thelium. Scand J Gastroenterol. 2002;37:944–8. 

47. Leonard N, Bishop AE, Polak JM, Talbot IC. Expression of nitric oxide syn-
thase in inflammatory bowel disease is not affected by corticosteroid 
treatment. J Clin Pathol. 1998;51:750–3. doi: 10.1136/jcp.51.10.750

48. Ekmekcioglu S, Grimm EA, Roszik J. Targeting iNOS to increase efficacy 
of immunotherapies. Hum Vaccines Immunother. 2017;13:1105–8. doi: 
10.1080/21645515.2016.1276682

49. Mintz J, Vedenko A, Rosete O, Shah K, Goldstein G, Hare JM, et al. Current 
advances of nitric oxide in cancer and anticancer therapeutics. Vaccines. 
2021;9:94. doi: 10.3390/vaccines9020094

50. Amiot A, Laharie D, Malamut G, Serrero M, Poullenot F, Peyrin-Biroulet 
L, et al. Management of immune checkpoint inhibitor in patients with 
cancer and pre-existing inflammatory bowel disease: recommenda-
tions from the GETAID. Dig Liver Dis. 2022;54:1162–7. doi: 10.1016/j.
dld.2022.06.020

51. Gonzalez FJ. Role of HNF4α in the superinduction of the IL-1β-activated 
iNOS gene by oxidative stress. Biochem J. 2006;394:e3. doi: 10.1042/
BJ20060005

https://doi.org/10.1158/1078-0432.CCR-06-0753
https://doi.org/10.1038/ng.2764
https://doi.org/10.1016/j.cell.2018.02.052
https://statistik.incanet.se/kolorektal/kolon/
https://statistik.incanet.se/kolorektal/kolon/
https://statistik.incanet.se/kolorektal/rektum/
https://statistik.incanet.se/kolorektal/rektum/
https://doi.org/10.1016/j.bcp.2020.113899
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1093/jnci/djt444
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9
https://doi.org/10.1016/j.dld.2016.12.011
https://doi.org/10.1042/BSR20210280
https://doi.org/10.1080/00365521.2018.12027890
https://doi.org/10.1136/jcp.51.10.750
https://doi.org/10.1080/21645515.2016.1276682
https://doi.org/10.3390/vaccines9020094
https://doi.org/10.1016/j.dld.2022.06.020
https://doi.org/10.1016/j.dld.2022.06.020
https://doi.org/10.1042/BJ20060005
https://doi.org/10.1042/BJ20060005

