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Abstract
Objective  Patients with Lynch syndrome (LS) are at 
markedly increased risk for colorectal cancer. It is being 
increasingly recognised that the immune system plays an 
essential role in LS tumour development, thus making an 
ideal target for cancer prevention. Our objective was to 
evaluate the safety, assess the activity and discover novel 
molecular pathways involved in the activity of naproxen 
as primary and secondary chemoprevention in patients 
with LS.
Design  We conducted a Phase Ib, placebo-controlled, 
randomised clinical trial of two dose levels of naproxen 
sodium (440 and 220 mg) administered daily for 6 
months to 80 participants with LS, and a co-clinical trial 
using a genetically engineered mouse model of LS and 
patient-derived organoids (PDOs).
Results  Overall, the total number of adverse events 
was not different across treatment arms with excellent 
tolerance of the intervention. The level of prostaglandin 
E2 in the colorectal mucosa was significantly decreased 
after treatment with naproxen when compared 
with placebo. Naproxen activated different resident 
immune cell types without any increase in lymphoid 
cellularity, and changed the expression patterns of the 
intestinal crypt towards epithelial differentiation and 
stem cell regulation. Naproxen demonstrated robust 
chemopreventive activity in a mouse co-clinical trial and 
gene expression profiles induced by naproxen in humans 
showed perfect discrimination of mice specimens with LS 
and PDOs treated with naproxen and control.
Conclusions  Naproxen is a promising strategy 
for immune interception in LS. We have discovered 
naproxen-induced gene expression profiles for their 
potential use as predictive biomarkers of drug activity.
Trial registration number  gov Identifier: 
NCT02052908

Introduction
Lynch syndrome (LS, MIM 120435) is the most 
common hereditary colorectal cancer (CRC) 
syndrome and constitutes an attractive model to 
understand carcinogenesis in the setting of DNA 

mismatch repair (MMR) deficiency, which under-
lies 15% of CRC due to somatic mutation/epimu-
tation.1 LS results from the presence of germline 
mutations in MMR genes (MLH1, MSH2, MSH6, 
PMS2 and EPCAM) which are involved in repairing 
base-to-base mismatches and insertion–deletion 
(indels) loops. LS predisposes patients to CRC, 
endometrial, ovarian and other tumours.2 LS causes 
an estimated life-time risk for CRC as high as 80% 
compared with 5% in the general population.3 The 
estimated prevalence of LS is 1:280, affecting a 
total of 1.1 million people in the USA.4 Although 
screening with annual colonoscopy has demon-
strated to decrease cancer incidence in LS,5 many 
patients continue to develop CRC due to poor 
compliance with surveillance recommendations or 
the rapid development of interval cancers.6 There-
fore, there is an urgent need for the development of 
preventive strategies for LS.7

The Colorectal Adenoma/Carcinoma Prevention 
Programme (CAPP) 2 study demonstrated that the 
chronic use of the non-steroidal anti-inflammatory 
drug (NSAID) aspirin is an effective chemopre-
ventive strategy for all LS-related tumours with a 

Significance of this study

What is already known about this subject?
►► Screening with annual colonoscopy has 
demonstrated to decrease colorectal cancer 
(CRC) incidence in Lynch syndrome (LS); 
however, many patients continue to develop 
tumours and cancer recurrence due to poor 
compliance.

►► Genomic profiling of LS colorectal adenomas 
and tumours have demonstrated remarkable 
immune activation.

►► This provides rationale and opportunity 
to develop immune-prevention strategies 
that will enhance the mechanisms of 
immune surveillance in LS and prevent CRC 
development.
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Significance of this study

What are the new findings?
►► This Phase Ib, placebo-controlled, randomised clinical trial 
showed that naproxen is a safe primary and secondary 
chemopreventive intervention when administered on a 
daily basis for 6 months. Both high and low dose levels 
of naproxen promoted immune activation of different 
resident immune cell types without any increase in lymphoid 
cellularity.

►► Naproxen was effective as chemoprevention by modulating 
tumour growth and prolonging survival in a co-clinical trial 
using a tissue-specific mouse model of LS.

►► Gene expression profiles induced by naproxen in humans 
showed perfect discrimination of mice with LS and patient-
derived xenografts treated with naproxen and control, thus 
providing novel biomarkers of naproxen activity.

How might it impact on clinical practice in the foreseeable 
future?

►► Naproxen should be considered an alternative strategy for 
immune interception in patients with LS and populations 
at-risk for the development of mismatch repair-deficient 
intestinal tumours.

relatively low-risk safety profile.8 9 More recently, preclinical 
efforts have focused on evaluating the preventive effects of other 
NSAIDs, such as the propionic acid derivative naproxen,10 that 
has demonstrated promising preclinical activity in an intestinal 
tissue-specific mouse model of LS.11–13 Although the main mech-
anism of action of NSAIDs, which is the reduction in the synthesis 
of prostaglandins (PGs) by inhibition of the central enzyme 
cyclo-oxygenase-1 and cyclo-oxygenase-2 (COX-1 and COX-2), 
has been extensively characterised at the molecular level,14 there 
is a growing body of evidence that other mechanisms contribute 
to prevention of colorectal carcinogenesis through direct effects 
on the microbiota, specific targeting of the stem cell niche of the 
intestinal crypt and modulation of the activity of the resident 
immune environment in the intestinal mucosa.14–16

Here, we report the clinical results and biomarker assessments 
of a Phase I clinical trial testing naproxen in patients with LS 
(hereinafter referred to as the ‘Naproxen trial’) and a co-clinical 
trial to initiate the validation of the biomarkers discovered and 
to assess its preventive activity in mice with LS. The goals of the 
‘Naproxen trial’ were to demonstrate that daily chronic admin-
istration of naproxen in patients with LS is a safe intervention, 
and to explore non-canonical effects that modulate the micro-
environment of the colorectal mucosa that could be exploited 
further in the prevention of tumours in this high-risk genetic 
population.

Material and methods
Study design and participants
The ‘Naproxen trial’ (NCT02052908) was a Phase Ib, double-
blind, randomised, placebo-controlled, multicentric trial of 
participants with LS and Lynch-like syndrome (LLS), conducted 
at four academic cancer centres. Participants provided written 
informed consent to participate in the study, and ethical 
approval was obtained from the institutional review boards of 
each institution.

Eligible participants were 18 years or older at the time of 
enrolment and either were proven carriers or obligate carriers of 

a pathogenic or likely pathogenic mutation in one of the MMR 
genes (MLH1, MSH2/EPCAM, MSH6, PMS2, ie, patients with 
LS) or had been diagnosed with an MMR-deficient tumour with 
absence of somatic BRAF-V600E mutation and/or hypermethyl-
ation of the MLH1 promoter without evidence of a germline 
mutation in the MMR genes (ie, patients LLS). Randomised 
participants were required to have a portion of the distal colon 
or rectosigmoid intact in order to enable collection of normal 
mucosa biopsies. Therefore, this trial explored the effects of 
naproxen in primary and secondary prevention by recruiting 
unaffected carriers and cancer survivors. Participants were 
required to be off scheduled aspirin, NSAIDs or COX inhibi-
tors at least 14 days prior to trial inclusion (wash-out period). 
Therefore, trial candidates on cardioprotective aspirin were not 
eligible to participate. In addition, the use of these agents was 
also prohibited as concomitant medications during the course of 
the trial. Full eligibility criteria and the protocol including the 
statistical analysis plan are available in the online supplementary 
materials and methods. All authors had full access to the data, 
control of the content of the manuscript and final responsibility 
for the decision to submit for publication.

Randomisation and study intervention
Participants were stratified by germline status (LS vs LLS) and 
randomly assigned with an equal probability in a uniform 1:1:1 
allocation ratio (figure 1). Participants were randomly assigned to 
receive therapy with either naproxen sodium (referred to herein 
as naproxen) daily at a dose of 220 mg (low-dose, LD) or 440 mg 
(high-dose, HD), or identically appearing placebo for a total of 
6 months. The investigators and participants were blinded to 
study group assignments. After verification of eligibility and the 
initial endoscopy procedure, study drug was provided to partic-
ipants. Drug compliance was defined as taking at least 80% of 
the study intervention assessed by scheduled phone calls, review 
of the participant diary and pill count of returned blisters. Eval-
uability was defined as fulfilling three conditions: (1) taking the 
study intervention for at least 90 days, (2) taking the last dose 
of the study intervention within 7 days prior to the end-of-study 
endoscopy and (3) presenting detectable levels of naproxen in 
both mucosa/plasma (only for patients in naproxen arms).

Primary outcome
The primary endpoints of this study were (1) to investigate the 
toxicity profile and tolerability of naproxen at two dose levels 
over 6 months of therapy; and (2) to determine whether treat-
ment with naproxen once-daily at two different dose levels 
administered during a period of 6 months as compared with 
placebo caused a reduction in the concentration of prostaglandin 
E2 (PGE2) levels in normal colorectal mucosa in the study popu-
lation evaluated as the percentage of change after treatment 
from baseline. We defined response to treatment as achieving at 
least 30% reduction in the PGE2 levels.

Secondary outcomes
A total of seven secondary efficacy end points evaluated changes 
after exposure to 6 months of treatment that included (1) 
naproxen concentrations in plasma and (2) colorectal mucosa, 
(3) levels of PGE2 metabolites in urine (PGE-M), (4) a broad 
panel of PGs with levels of PGF2, PGD2, thromboxane B2, 
9a11b-PGF2a and 6-KetoPGF1, (4) number of polyps observed 
in the rectosigmoid at baseline and after 6 months of inter-
vention, (6) mRNA and (7) histomorphometric analysis of 
lymphoid components within the colorectal mucosa. Details 

https://dx.doi.org/10.1136/gutjnl-2020-320946
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Figure 1  Flow diagram of participants in the ‘Phase Ib biomarker trial of naproxen in patients at risk for DNA mismatch repair-deficient colorectal 
cancer’.

on the methodological approaches and measurements for each 
endpoint can be found in the online supplementary methods 
section.

Evaluation of safety
Participants were instructed to contact the study team if there 
were any changes in their health. Physical examination and 
measurement of vital signs were done at baseline and 6 months 
of treatment. Safety was monitored by telephone interview after 
2 weeks, 3 and 5.5 months of exposure to naproxen with specific 
review of adverse events (AEs). Documentation of AEs included 
date reported, date of onset, description, toxicity grading, action 
taken and physician review and assessment. Regular telephone 
interviews were conducted and documented until resolution 
of the event. AEs were graded according to the NCI Common 
Terminology Criteria for Adverse Events, V.4.0, from the US 
Department of Health and Human Services. Safety monitoring 

was provided by the principal investigator, the participating site 
coinvestigators as well as the Division of Cancer Prevention of 
the National Cancer Institute.

Statistical analysis
Participant’s demographic characteristics were summarised by 
descriptive statistics (online supplementary table S1). For the 
sample size calculations of this study, we assumed an effect size 
(mean divided by the SD) for the change in PGE2 levels in normal 
colorectal mucosa of 1.25 among the treatment groups based 
on previously observed effects with other NSAID agents used 
in a chronic setting17 and we calculated that assuming a normal 
distribution, 15 evaluable patients per group (a total of 45 eval-
uable patients) will provide 80% power for pairwise compar-
isons by the two-sample t-test among the three groups (LD vs 
control, HD vs control and HD vs LD) using the Bonferroni 
correction to achieve a two-sided 5% type I error. In addition, 

https://dx.doi.org/10.1136/gutjnl-2020-320946
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to adjust for a conservative estimate of 40% in-evaluable and/
or non-compliant rate, we planned to randomise a total of 80 
participants. Then, the percentage of change of PGE2 levels 
in normal colorectal mucosa from baseline to 6 months after 
treatment administration between three treatment arms was 
defined as 100 × (PGE2 (Post-treatments) – PGE2 (Baseline))/ 
PGE2 (Baseline) and compared applying Wilcoxon rank sum test 
since PGE2 results were skewed and did not display a normal 
distribution. PGE2 concentration levels were summarised by 
median and SD at baseline and post-treatment, and response to 
treatment was defined as a 30% reduction in PGE2 levels. The 
same methodology was applied for evaluation of PGE-M and the 
rest of PGs. Bonferroni correction was considered for multiple 
comparison adjustment. Naproxen concentrations in plasma 
and normal colorectal mucosa were summarised by mean, SD, 
median and range. Pearson correlation was estimated between 
the percentage of change with naproxen levels.

Biomarker analyses
Details on the methodology for the assessment and compar-
isons of pretreatment and post-treatment levels of PGE2 in 
tissue and plasma, PGE-M in urine, naproxen in plasma and 
tissue, whole genome transcriptomics (mRNA-seq) in colorectal 
mucosa, bioinformatic analyses, and quantification of intraep-
ithelial lymphocytes (IELs) and mucosa-associated lymphoid 
tissue (MALT) for the histomorphometry analysis can be found 
in online supplementary methods section.

Co-clinical trial and validation experiments in mouse model 
of LS and patient-derived organoids (PDOs)
Information on the co-clinical trial assessing the activity of 
aspirin, naproxen and placebo in intestinal cancer prevention 
using a Msh2LoxP/LoxP;Villin-Cre mouse model of LS13 as well 
as the methods related to the validation of human expression 
profiles using an additional cohort of the mice with LS and six 
PDOs (online supplementary table S2) using both whole genome 
transcriptomics and qPCR (online supplementary table S3) can 
be found in online supplementary methods and tables.

Results
Demographic characteristics of study participants
From January 2014 to October 2017, a total of 86 patients were 
assessed for eligibility (figure  1 and online supplementary table 
S1). Six participants were excluded, as they did not meet the inclu-
sion criteria or declined to participate. Eighty participants were 
randomised after the baseline colonoscopy: 25 participants in the 
HD group, 27 in the LD group, and 28 in the placebo group. All 
participants and investigators remained blinded to randomisa-
tion status until the completion of the study analysis. Twenty-two 
participants withdrew before the end of the study, mainly due to 
AEs unrelated to the study drug; thus, 58 randomised participants 
completed the study with pretreatment and post-treatment endos-
copy results, but only 54 were considered evaluable per protocol 
(‘Evaluable cohort’) and were included in the per-protocol analysis: 
16 in the HD group, 15 in the LD and 23 in placebo (figure 1). 
Demographic characteristics among the treatment and placebo 
groups, including age, were similar and balanced (table 1). Overall, 
66.7% of participants were female, with an unbalanced distribu-
tion of sexes in the LD and HD groups. Participants with LS and 
LLS were randomised to the treatment groups separately, yielding 
similar distributions (7% LLS and 93% LS) in each group. All 
participants with LS had an identified germline mutation in one of 
the MMR genes. Fifty-three per cent of the evaluable participants 

had no personal history of cancer (ie, previvors) and the rest had 
a past history of predominantly CRC, followed by endometrial 
cancer in frequency.

Outcomes
Primary outcomes
All patients who received the study drug were assessed for 
toxicity and safety profile. A total of 185 AEs was recorded in 
61 patients. Overall, the total number of AEs was not different 
across the three arms and the intervention was well tolerated by 
the participants (figure 2B). No severe AEs related to treatment 
were reported. By their relation to the study intervention, seven 
probably related AEs were recorded in four patients assigned 
to HD naproxen group that were grades 1–2, and 38 possibly 
related AEs were observed in 23 patients that were evenly 
distributed across all treatment arms and were all grades 1–2 
(online supplementary tables S4 and S5).

The level of PGE2 in the colorectal mucosa of compliant 
patients, defined as the percentage of change from baseline to 
6 months, was significantly decreased after treatment with both 
LD and HD naproxen when compared with placebo (−97.4% 
(−100,–54.6), −96% (−100, −69.4) and −6.5% (−97.5, 298), 
p value <0.001; figure  2C), but without differences between 
HD and LD (neither in terms of percentage nor for absolute 
values, figure 2C, online supplementary figure S1A and table S6). 
Therefore, the proportion of patients that achieved a response 
to treatment in the HD and LD naproxen groups was very 
similar (93.3% vs 92.3%, respectively), whereas the response in 
placebo was 8.7%, indicating that both doses effectively inhib-
ited COX-1/2.

Secondary outcomes
PGE-M levels in urine were significantly changed in terms of 
percentage (−48.1% (−90.7, 33.1), −67.8 (−95.5, 109.2) and 
−14.5 (−96.8, 379.9), p value <0.018; figure 2D) and abso-
lute values (online supplementary figure S1B, table S7) after 
treatment with naproxen for both doses when compared with 
placebo. Yet naproxen concentration in plasma was signifi-
cantly greater among participants treated with HD naproxen 
as compared with both LD and placebo (online supplemen-
tary figure S1C). However, the levels of naproxen in colorectal 
tissue were not significantly higher among participants who 
took HD as compared with LD (online supplementary figure 
S1D, table S8), even after removing non-compliant patients. 
Then, we completed our assessment of naproxen activity by 
analysing a wide panel of COX-1/2 metabolites including PGF2, 
PGD2, thromboxane B2, 9a11b-PGF2a and 6-KetoPGF1. All 
of these PGs decreased significantly in both treatment groups 
when compared with placebo. However, in line with PGE2 and 
PGE-M results no significant differences were found when HD 
was compared with LD group (figure 2E, online supplementary 
figure S1E and table S9).

In regards to the effect of naproxen on polyp growth, we 
restricted the evaluation to the rectosigmoid area in order to 
compare the findings from the baseline colonoscopy and the 
end-of-study flexible sigmoidoscopy. Among the group of evalu-
able patients (n=54), 14 (26%) participants had a polyp at base-
line and only 2 (3.7%) had a polyp at the end-of-study. These 
two participants received placebo, both presenting adenomas (2 
out of 23, online supplementary figure S1F), and none of the 
participants in the LD and HD naproxen arms displayed any 
polyps at the end-of-the-study scope (0 out of 15, and 16 partic-
ipants, respectively).

https://dx.doi.org/10.1136/gutjnl-2020-320946
https://dx.doi.org/10.1136/gutjnl-2020-320946
https://dx.doi.org/10.1136/gutjnl-2020-320946
https://dx.doi.org/10.1136/gutjnl-2020-320946
https://dx.doi.org/10.1136/gutjnl-2020-320946
https://dx.doi.org/10.1136/gutjnl-2020-320946
https://dx.doi.org/10.1136/gutjnl-2020-320946
https://dx.doi.org/10.1136/gutjnl-2020-320946
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https://dx.doi.org/10.1136/gutjnl-2020-320946
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Table 1  Participant characteristics

Total Placebo LD naproxen HD naproxen

P valueN % N % N % N %

Total 54 100 23 42.6 15 27.8 16 29.6

Age  �   �   �   �   �   �   �   �  0.58

Mean (SD) 44 12.6 43.7 14 46.4 12.7 42.3 10.8

Age group  �   �   �   �   �   �   �   �

20–29 10 18.4 6 26.1 2 13.3 2 12.5 0.81

30–39 9 16.7 2 8.7 2 13.3 5 31.3

40–49 15 27.8 7 30.4 4 26.8 4 25.0

50–59 15 27.8 6 26.1 5 33.3 4 25.0

60–69 4 7.4 1 4.3 2 13.3 1 6.3

70–70 1 1.9 1 4.3 0 0.0 0 0.0

Gender  �   �   �   �   �   �   �   �

Male 18 33.3 10 43.5 5 33.3 3 18.7 0.29

Female 36 66.7 13 56.5 10 66.7 13 81.3

Race  �   �   �   �   �   �   �   �

White 50 92.6 22 95.7 13 86.6 15 93.8 0.71

Other 3 5.6 1 4.3 1 6.7 1 6.2

Unknown 1 1.9 0 0.0 1 6.7 0 0.0

Ethnicity  �   �   �   �   �   �   �   �

Not Hispanic or Latino 51 94.4 23 100 13 86.7 15 93.8 0.06

Hispanic or Latino 1 1.9 0 0.0 0 0.0 1 6.3

Not Reported 2 3.7 0 0.0 2 13.3 0 0.0

Type of MMR deficiency  �   �   �   �   �   �   �   �

LLS 4 7.4 2 8.7 1 6.7 1 6.3 1

LS positive 50 92.6 21 91.3 14 93.3 15 93.8

MMR gene  �   �   �   �   �   �   �   �

MLH1 18 36.0 7 33.3 7 50.0 4 26.7 0.2

MSH2 16 32.0 5 23.8 3 21.4 8 53.3

MSH6 9 18.0 3 14.3 4 28.57 2 13.3

PMS2 4 8.0 4 19.0 0 0.0 0 0.0

EPCAM 3 6.0 2 9.5 0 0.0 1 6.7

History of cancer  �   �   �   �   �   �   �   �

Negative 29 53.7 13 56.5 8 53.3 8 50 0.94

Cancer diagnosis 25 46.3 10 43.5 7 43.7 8 50

Type of cancer (n)*  �   �   �   �   �   �   �   �

CRC 13  �  5  �  4  �  4  �

Endometrial 6  �  1  �  3  �  2  �

Urothelial 0  �  0  �  0  �  0  �

Ovarian 1  �  1  �  0  �  0  �

Other 12  �  4  �  2  �  6  �

Accrual  �   �   �   �   �   �   �   �

Site  �   �   �   �   �   �   �   �  0.58

Brigham 14 25.9 5 21.7 4 26.7 5 31.25

Huntsman 6 11.1 3 13.0 3 20.0 0 0.0

MDACC 17 31.5 6 26.1 5 33.3 6 37.5

Michigan 17 31.5 9 39.1 3 20.0 5 31.25

Compliance  �   �   �   �   �   �   �   �

Average  �   �   �   �   �   �   �   �

Days on agent 186.48 187.6 185.7 185.6 0.92

 � (min, max) 172 to 215 180 to 215 172 to 203 177 to 194

Days missed 2.71 3.15 2.7 2.09 0.87

 � (min, max) 0 to 19 0 to 16 0 to 19  � 0 to 13

Percentage of study drug taken 94.37 94.69 94.02 94.25 0.68

 � (min, max) 81.9 to 100 81.9 to 100 85.9 to 98.9 82.3 to 100 0.68

*Patients can present with more than one cancer type.
CRC, colorectal cancer; HD, high dose; LD, low dose; LLS, Lynch-like syndrome; LS, Lynch syndrome; MMR, mismatch repair.
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Figure 2  (A) Overall design and dataset. Human PGs and naproxen levels, pathology analysis of colorectal biopsies and mRNA-seq data were 
assessed in the context of the ‘Naproxen trial’ (NCT02052908), where 80 patients were randomised to naproxen 440 mg once a day, 220 mg once 
a day or placebo for a total of 6 months. A cohort of 83 mice with LS, Msh2fl/fl;Villin-Cre, was treated to assess the chemopreventive activity of 
naproxen and aspirin compared with control at a dose of 166 ppm and 400 ppm, respectively, in terms of survival outcomes and tumour burden. 
Human mRNA-seq results were validated in an additional cohort of six mice with LS treated with naproxen orally once a day at a dose of 30 mg/kg/
day or sesame oil as control, and in a set of six PDO models generated from colorectal mucosa of patients with LS who were treated for 48 hours with 
naproxen at 1 mM and DMSO (control). (B) Frequency of AEs. Number of AEs reported during the 6 months of intervention by treatment group, grade 
and attribution to study treatment. One patient could report more than one AE and all AEs were counted. (C) Change in PGE2 levels in response to 
naproxen. Comparison of the change in levels of PGE2 from baseline after treatment among placebo, HD and LD naproxen-treated patients using a 
Wilcoxon rank sum test. The graph displays the percentage of change calculated using (100×((Post) – (Baseline)/Baseline); (**p≤0.05, ***p≤0.001) 
and the median per group. (D) Change in PGE-M levels in response to naproxen. Change in levels of PGE-M from baseline after treatment with 
placebo, HD and LD naproxen using a Wilcoxon rank sum test. The graph displays the percentage of change calculated using (100×((Post) – 
(Baseline)/Baseline); (***p≤0.001) and the median per group. (E) Change in the levels of other PGs in response to naproxen. Changes in the levels 
of 9a11b-PGF2a, PGF2a, 6-Keto-PGF1a, PGD2, TxB2 after treatment with placebo, HD and LD naproxen using a Wilcoxon rank sum test. The graph 
displays the percentage of change after treatment calculated using (100×((Post) – (Baseline)/Baseline); (*p≤0.05, **p≤0.01, ***p≤0.001) and the 
median per group. AEs, adverse events; HD, high dose; LD, low dose; PDO, patient-derived organoid; PGs, prostaglandins; ppm, parts per million.
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We then analysed the differences in gene expression in the 
normal rectosigmoid mucosa before and after exposure to 
HD and LD naproxen using mRNA-seq. We observed a higher 
number of genes deregulated by HD as compared with LD indi-
cating an overall predominance of genes downregulated by the 
intervention (a total of 57 vs 38 genes, respectively; figure 3A 
and online supplementary figure S2A). HD upregulated immune 
genes and downregulated genes related to the cell dynamics 
occurring at the top of the crypt (differentiated compartment), 
while LD predominantly downregulated genes involved in cell 
cycle regulation and dynamics at the base of the crypt (stem cell 
compartment). Supervised clustering of human samples treated 
with LD and HD and their matched pretreatment controls 
using their respective gene signatures demonstrated an adequate 
performance in differentiating specimens collected before and 
after intervention (figure  3A,B). Pathway enrichment analysis 
revealed effects induced by LD and HD naproxen that were 
consistent in direction for both dose levels (shared, figure 4A) 
or differential (dose specific, online supplementary figure S2B). 
By looking at the pathways that were affected by both HD and 
LD, we observed enrichment of signals related to immune path-
ways, specifically those activating cytokine signalling and their 
receptors (figure 4A). These results were also confirmed in an 
analysis combining together the datasets from both HD and LD 
doses (combined naproxen analysis, online supplementary table 
S10). This led us to perform in silico deconvolution of immune 
cell types which detected increased activation of different 
subtypes of T and B cells, and to a lesser extent from dendritic 
cells and macrophages (figure 4B). Finally, we examined normal 
colorectal mucosa biopsies by H&E staining to perform a histo-
morphometric analysis in order to determine if the increase in 
immune signals observed by transcriptomics was due to higher 
cellularity of lymphoid components in the colorectal mucosa 
(figure 4C). Colorectal lymphoid cellularity (IEL and MALT cell 
density) was not significantly different among treatment groups 
(figure 4D–E), thus suggesting that the lymphocyte expression 
profile reflects predominantly on local activation of immune 
cells over systemic recruitment or lymphoid proliferation.

Co-clinical trial in mouse models of LS and PDOs
We have assessed the efficacy of naproxen and aspirin and 
compared it to placebo using a genetically engineered, tissue-
specific mouse model of LS (Msh2LoxP/LoxP;Villin-Cre) in a 
co-clinical trial where drug was delivered in the diet (online 
supplementary figure S3A,B). In addition, the biomarker results 
generated from the ‘Naproxen trial’ were confirmed in an addi-
tional and independent LS mouse cohort where drug was deliv-
ered by oral gavage (figure  2A, online supplementary figure 
S4A,C) and PDO of the normal colorectal mucosa of patients 
with LS (online supplementary figure S4B,D) in order to further 
inform the clinical development of naproxen.

In the co-clinical trial, we randomised a total of 83 mice to 
receive naproxen (n=30) at a dose of 166 parts per million (ppm), 
aspirin (n=27) at 400 ppm daily or placebo (n=26) in the diet. 
We observed a significant prolongation of survival in the cohort 
of mice treated with naproxen, when compared with both aspirin 
and placebo (328 vs 292 days, p<0.01; 328 vs 269, p<0.001; 
online supplementary figure S3A) that matched a significant effect 
in the modulation of intestinal tumour burden in the naproxen-
treated mice (online supplementary figure S3B). The differences in 
survival between aspirin and placebo were not statistically signifi-
cant. We then validated the human gene expression signatures of 
LD and HD naproxen in an additional mouse cohort and PDOs. 

First, we assessed the correlation of whole transcriptomic changes 
among human specimens treated with LD and HD, mouse tissues 
and PDOs both treated with naproxen. We observed that treated 
organoids clustered together with LD sharing more genes than 
were significantly deregulated with LD, and that treated mice 
were closer to HD (figure 5A,B). Based on these observations, we 
validated the performance of the human LD and HD gene signa-
ture discriminating naproxen treated and control specimens in 
PDOs and mice, respectively. Both human signatures segregated 
treated and control samples in two clear groups on their respec-
tive validation models (online supplementary figure S4E,F). Then, 
using PDOs, we assessed specific genes related to the most rele-
vant pathways deregulated with LD and HD naproxen in humans 
and observed that naproxen reduced the expression of stem cell 
markers (ASCL2 and LGR5) and increased the expression of differ-
entiation markers (KRT20 and LYZ), consistent with the modula-
tion of the crypt top and base observed in the enrichment analysis. 
Also, we confirmed naproxen-induced cell cycle arrest (downregu-
lation of TOP2A and E2F) and reduction in apoptosis (decrease in 
Survivin and increase in p21 and NGFR) that translate into a trend 
of decreased proliferation in the epithelium (figure 5C). Overall, 
the use of these two models confirmed that we have identified two 
gene expression signatures that can robustly classify and predict 
changes induced by naproxen in normal colorectal mucosa.

Discussion
The results of this clinical trial demonstrate that naproxen is a 
safe intervention when administered chronically at doses of 220 
and 440 mg daily. The most common side effects were gastro-
intestinal and bleeding events that were minor and most likely 
related to the multiple biopsies taken for biomarker assessments. 
These studies showed that both doses of naproxen have a role 
in the activation of the resident immune system of the colorectal 
mucosa in patients with LS that was dose-dependent with the 
highest activity among patients treated with HD naproxen. 
Therefore, we would advocate to continue the development of 
naproxen at the dose of 440 mg daily.

We observed differential modulatory effects on other path-
ways with more prominent regulation of cell cycle and signals 
associated to the stem cell compartment by LD, and regulation 
of metabolism and crypt top dynamics that induced differen-
tiation into epithelial and secretory cell types by HD. While 
these observed effects are beyond the main mechanism of 
action of NSAIDs14—the modulation of inflammation via the 
reduction of PGs, mainly PGE2, secondary to the inhibition of 
the COX enzymes—NSAIDs have proved to exert additional 
effects at different levels such as modulation of the microbiota, 
direct effects on the stem cell pool, and the microenvironment 
including, but not restricted, the mesenchymal and the immune 
cell compartments.14 15 Our observation that naproxen induces 
immune activation is consistent with the previously reported 
bipartite roles of PGE2 on inflammation.18 On one side, PGE2 
has a clear pro-inflammatory role in the acute phase and, there-
fore, the therapeutic use of NSAIDs is to reduce directly its main 
consequences such as vasodilation, vascular permeability, fever, 
pain and T helper 17 cell differentiation; on the other side, 
PGE2 exerts anti-inflammatory effects in chronic phases mainly 
by suppressing the activation of dendritic cells (DCs) and natural 
killers, suppressing the function of macrophages, neutrophils, T 
helper cells type 1 and CD8+ cytotoxic T cells, and promoting 
regulatory T cell functions.16 18–20 These immunosuppressive 
functions are mediated by inhibition of the synthesis of cyto-
kines IL-2, CCL-19 and IL-12.18 21–23 In fact, we observed that 
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Figure 3  (A) Volcano plots of DEGs. Genes expression data obtained using whole transcriptome sequencing from participants allocated to PL, LD 
and HD treatment arms are displayed in volcano plots with log2(FoldChange) on the X-axis and -log10(BH-adjusted p-value) on the Y-axis. Significant 
upregulated and downregulated genes with BH-adjusted p-value≤0.05 and absolute value of log2(FoldChange)≥0.5 are highlighted and annotated 
by pathways of interest using different colours. The horizontal line represents BH-adjusted p-value=0.05. The left and right vertical lines represent 
log2(FoldChange)=±0.5, respectively. (B and C) LD and HD DEGs in the ‘Naproxen trial’ samples. Significant DEGs with BH-adjusted p≤0.05 and 
absolute value of log2-(FoldChange)≥0.5 in human LD and HD post-treatment versus pretreatment comparison are used to perform an unsupervised 
hierarchical clustering of LD and HD samples, respectively. Expression levels for all samples are row centred and displayed in the heatmap with 
gene symbols as row names and sample IDs as column names. The column covariate bar indicates pre-treatment (blue) and post-treatment (gold) 
expression. Dendrogram illustrates sample clustering based on distances. DEGs, differentially expressed genes; HD, high dose; LD, low dose; PL, 
placebo.
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Figure 4  (A) Gene pathways modulated by both HD and LD naproxen levels with the same direction of effect. Both HD and LD consistently induced 
immune activation with additional specific effects by HD on cytokine and chemokine signalling. Bubble chart plot displaying the results of the GSEA 
including pathways that met the following criteria: 1. BH-adjusted p-value≤0.05 in both LD and HD (common, bottom), LD only (LD specific, top) 
or HD only (HD specific, middle); 2. Direction of NESs are consistent in both LD and HD (same trend). The sizes of bubbles were determined by BH-
adjusted p-value increasing the size as the significance increases. The colours of the circles are determined by the direction and amplitude of NES, 
with positive NES (positively enriched in post-treatment group) in red and negative NES (negatively enriched in post-treatment group) in green. (B) 
In silico dissection of immune cell types. HD and LD naproxen consistently activated different types of T cells, B cells, DC and macrophages. Sizes of 
circles were determined by BH-adjusted p-value increasing the size as the significance increases. The colours of circles were determined by the sign 
and amplitude of t-statistic (t-stat), with positive t-stat (positively enriched in post-treatment group) in red and negative t-stat (negatively enriched 
in post-treatment group) in green. Note that some pathways are more extensively annotated that others based on the number of gene markers. (C) 
Histomorphometric analysis of IELs and MALT. Digital images of H&E slides of colorectal mucosa were analysed using HALO software (Indica Labs) 
using the tissue classification module, CytoNuclear algorithm and manual click counter tool. (D) IELs (n=46 specimens) and MALT (n=18 specimens) 
were counted and their respective epithelial area or lymphoid tissue area was quantified to calculate the cell density, cell ratio and area ratios. 
Glass area and tissue artefacts were excluded from the analysis. The IELs and MALTs before and after treatment with placebo, LD ad HD naproxen 
were assessed. Cell density is expressed by the number of cells per mm2. GSEA, gene set enrichment analysis; HD, high dose; IELs, intraepithelial 
lymphocytes; LD, low dose; MALT, mucosa-associated lymphoid tissue; NES, normalised enrichment score.
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Figure 5  (A) Human specimens, PDOs and mouse correlation. Upper left, we use a patient-wise Pearson correlation matrix for unsupervised 
clustering of LD, HD, mice and organoid samples. Dataset and patient IDs are concatenated and shown as column and row names. Note that 
human and PDOs were analysed individually while mouse specimens were combined together. Column and row covariate bars indicate datasets 
to which samples belong to. The dendrogram illustrates sample clustering based on distances and showing that mouse samples clustered with 
HD human samples and PDOs with LD samples. (B) Overlap among human, mouse and PDO datasets. Venn diagrams showing the number of 
overlapping significant genes with BH-adjusted p-value≤0.1 among human LD post versus pre, HD post versus pre and mouse naproxen versus 
control comparisons (Upper), and among human LD post versus pre, HD post versus pre and PDOs naproxen versus control comparisons (bottom). (C) 
Differential gene expression of key genes identified in humans using PDOs treated with naproxen and control. Naproxen induced downregulation of 
stem cell markers and upregulation of epithelial differentiation markers. Data derived from PDOs treated with naproxen at 1 mM (red triangles) and 
dimethyl sulfoxide (DMSO)/control (grey circles) is presented. Graphs show 2−ΔCt, where ΔCt represent cycle threshold (Ct) of the gene of interest 
normalised by Ct of Cyclophilin-A (PPIA). The graphs display mean values. *p≤0.05, **p≤0.01. HD, high dose; LD, low dose; PDOs, patient-derived 
organoids.
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reduction in levels of PGE2 was associated with activation of 
cytokine-related pathways and activation of T cells, DCs and 
macrophages, thus leading to an overall immune activation.16 
Consistent with the notion of enhanced immune surveillance via 
activation, we observed stable cellularity in the two main resi-
dent lymphoid cell niches of the colorectal mucosa by hysto-
morphometry. Overall, the immune stimulatory effect generated 
by chronic administration of naproxen in the context of MMR-
deficiency should be able to enhance the effect of vaccine 
strategies acting as an adjuvant, aside from the intrinsic chemo-
preventive effect that has been demonstrated by others and us 
in a co-clinical trial using a LS intestine-specific mouse model.11 
Therefore, naproxen will have a prominent role in the future as 
there are active research programmes developing vaccine strate-
gies for immune-interception of cancer in patients with LS.24–26

We have discovered a gene expression signature of changes 
induced in a haplo-insufficient MMR-deficient epithelium that 
has been validated in both PDO and a mouse model of LS. Both 
expression profiles derived from human specimens were capable 
of discerning accurately in vitro and in vivo models treated with 
naproxen and control. As a note of caution, achieving clinically 
relevant drug levels that reach the inner layer of epithelial cells 
and diffusion through Matrigel may involve the use of supra-
physiological dose levels and results need to be validated in 
an independent human LS cohort. Nonetheless, we have been 
able to validate human expression signatures in PDOs from 
patients with different germline MMR-deficient backgrounds. 
We believe that his orthogonal validation across models provide 
a strong basis to further develop this gene profile as a predictive 
biomarker in future clinical studies.

We acknowledge several limitations in our study. First, 
we have not established a direct cancer preventive effect of 
naproxen in this study, which was a phase I biomarker trial to 
assess safety and discover predictive biomarkers of activity, and 
therefore limited to 6 months duration. During this interval of 
time, assessment of modulation of intestinal neoplasia (polyps 
and tumours) was not a realistic outcome. Second, the current 
study has not compared naproxen to the current standard, 
aspirin. The favourable results of naproxen in LS compared 
with aspirin in a mouse model of LS are proof-of-principle and 
should be tested for confirmation in a human clinical trial.11 
In addition, it is unknown if aspirin exerts the same immune 
stimulatory effects, or if these are intrinsic to naproxen, or 
if these are related to the modulation of the production of 
PGs. Biomarker studies planned in the context of the on-going 
CAPP 3 study, which is exploring the effects of different dose 
levels of aspirin, should be able to address this question.27 
Third, our evaluation on the polyp burden postintervention 
was limited to the rectosigmoid due to the fact that one of 
the study procedures was the standard of care colonoscopy 
for surveillance and the other one was an in-study flexible 
sigmoidoscopy for the acquisition of tissue specimens. There-
fore, formal assessment on the activity of naproxen on the 
modulation of polyp growth is beyond the scope of this study 
as it did not provide a full exploration of the colon and it will be 
more appropriate in subsequent studies with adequate power 
to answer this type of endpoint. Fourth, there is a high degree 
of variation in the levels of the PG metabolites observed in the 
placebo arm, particularly PGE2 and TxB2. This observation 
may result from physiological variation, although unpermitted 
use of other NSAIDs cannot be excluded. While, this fact is 
unlikely due to the restrictions on concomitant medications 
imposed by the study protocol as well as the enforcement of 
a wash-out period for aspirin and all other NSAIDs, it is also 

possible that stochastic variation in the levels of PG metab-
olites in the placebo arm influenced the final results. These 
data highlight the importance of including placebo arms in the 
design of cancer prevention studies so that biomarker fluctua-
tion data can be made available for comparisons, and for esti-
mating statistical variance for similar studies. Fifth, we have 
not validated the gene expression signatures in an independent 
cohort of patients with LS. Although, we have performed a 
validation in ex vivo PDOs and in the best available mouse 
model of LS. Therefore, we believe that our results are robust 
and merit being further developed in larger Phase II/III studies. 
Moreover, regarding the transcriptomic data derived from this 
study, it is worth noting that the gene signatures of HD and 
LD naproxen display a consistent overlap in the pathways 
deregulated. These results were also further corroborated by 
enrichment analysis combining the transcriptomic data from 
both dose levels. However, there is relatively modest overlap 
in the individual genes that were affected by both doses. This 
finding likely reflects stochastic inputs into NSAID phar-
macodynamics, and possibly variations in the numbers of 
different cell types in biopsies analysed using bulk RNAseq, 
which converge into the same final signalling pathways. Future 
single-cell RNAseq studies of colorectal mucosal biopsies from 
patients taking NSAIDs may provide insights into the contri-
bution of stochastic versus deterministic inputs into individual 
NSAID pharmacodynamics.28 29 Therefore, at present it is 
recommended that further naproxen studies leverage signa-
tures related to the affected pathways rather than individual 
genes. Sixth, we were not able to discern the immune cell type 
activated by naproxen, as well as the mechanism by which LD 
and HD naproxen target different cell populations in the colon 
crypt (crypt top vs crypt base). This is a limitation secondary 
to lack of access to technology with adequate resolution to 
provide these results. At the time of trial design, single-cell 
transcriptomics was a nascent technology and therefore we 
did not articulate provisions to acquire and store single-cell 
suspensions. Thus, the answer to these two questions will have 
to await further clinical studies utilising this technology to 
assess the transcriptomic effects in individual cell populations 
as well as to provide an assessment on the abundance of cell 
types by using specific markers for immunophenotyping and 
distinguishing stem cells from differentiated daughter cells.

In conclusion, naproxen should be considered a potential 
strategy for immune interception in patients with LS via acti-
vation of resident immune cells in the colorectal mucosa, thus 
having the potential to enhance the activity of vaccines to be 
developed for this disease. Naproxen effects are not related to an 
increase in the number of immune cells or morphologic changes 
in the colorectal mucosa; however, it is possible that naproxen 
exerts an effect in the maturation of stem cells and expansion of 
the differentiated epithelial cells.
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