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Abstract

Proton pump inhibitors (PPIs) are commonly used as a supplement to cancer therapy. Yet, their
effect on cancer mortality is largely unknown. Using data from Danish nationwide registries and
Cox proportional hazards models, we estimated hazard ratios with 95% confidence intervals (CIs)
for cancer-specific and non-cancer death among PPI users (=2 prescriptions within six months
after diagnosis; n=36,066) compared with nonusers (<2 prescriptions, n=311,853) or users of
histamine Hy-receptor antagonists (H,RA; n=5,152). Multivariable-adjusted HRs for cancer-
specific mortality among post-diagnostic PPI users as compared with nonusers or HoRA users
were 1.46 (95% Cl, 1.43-1.49) and 1.25 (95% ClI, 1.20-1.31), respectively. HRs for cancer
mortality were highest for ovarian and lowest for esophageal cancer. The associations were largely
independent of gender, year of diagnosis and cancer therapy, but stronger with younger age, less
comorbidity and advanced cancer stage as well as among new PPI users. To test the effect of PPIs
on tumor growth in a model system free for confounding factors, we investigated the effect of
pantoprazole on tumor growth in mice. Pantoprazole (5 mg/kg/day) enhanced tumor growth (P =
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0.033) and reduced the anti-tumor activity of gemcitabine (= 0.008) in fibrosarcoma-bearing
Balb/c mice, but not in immunodeficient Balb/c nude mice. In breast carcinoma-bearing FVB/N
mice, pantoprazole had no effect on tumor growth alone but it reduced the life-prolonging effect of
doxorubicin significantly (£ = 0.007). Taken together, these data raise concerns about the
increasing use of PPIs and calls for further studies addressing their safety among cancer patients.
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Introduction

Proton pump inhibitors (PPIs) are the most potent drugs for inhibition of gastric acid
production among patients with peptic ulcer and gastroesophageal reflux [1]. Since the
approval of omeprazole, in 1989, PPIs have largely replaced histamine H,-receptor
antagonists (HoRAS) in the treatment of acid peptic diseases (Supplementary Figure 1A),
and are now among the most frequently prescribed drugs worldwide [1, 2]. In spite of the
generally excellent safety profile of PPIs, their rapidly increasing use has raised concerns
about potential long-term health hazards related to their appropriate and suspected
inappropriate use [3-6].

PPlIs inactivate proton pumps in the parietal cells of the stomach through covalent binding to
cysteine sulfhydryl groups [7, 8]. They can also inhibit proton pumps and other cysteine-
containing enzymes in other acidic tissues or in acidic cellular organelles, such as lysosomes
[1, 9]. Due to the importance of acidic microenvironment for cancer progression, PPIs have
been suggested to possess anticancer activity [10-12]. The drug-mediated neutralization of
the normally acidic tumor microenvironment can enhance the activity of tumor-infiltrating
lymphocytes upon adoptive immunotherapy [13]. Moreover, high concentrations of PPIs
have the ability to kill some types of cancer cells or sensitize them to chemotherapy in vitro
as well as in tumor xenografts in immunodeficient mice [14-17]. A recent phase Il trial
showed increases in objective responses and time to progression among chemotherapy-
treated metastatic breast cancer patients upon addition of intermittent high-dose
esomeprazole [18]. Besides the suggested anticancer activity, PPI-mediated inhibition of
lysosomal enzymes in immune cells compromises antigen presentation and leukocyte
transmigration [1, 19], which may explain the reported inhibitory effect of omeprazole on
active cancer immunotherapy in immunocompetent mice [9].

Only a few studies have evaluated the association between PPI use and cancer prognosis in
humans [12]. In a cohort of 596 patients with previously untreated head and neck squamous
cell cancer, use of either PPIs or H,RAs was associated with improved overall survival [20].
The scarcity of epidemiologic results, rapidly increasing use of PPIs (Supplementary Figure
1), and existence of high-quality registry data in Denmark inspired us to conduct a large
retrospective cohort study of the association between PPI use and mortality among Danish
cancer patients. Our subsequent finding of a strong association between PPI use and
increased cancer mortality prompted us to set up experimental mouse models to test the
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effect of pantoprazole alone and in combination with chemotherapy on tumor growth. In line
with the data from the cohort study, pantoprazole significantly promoted tumor growth in
immunocompetent mice.

Materials and Methods

Tumor allografts in mice

Murine WEHI-164 fibrosarcoma (ATCC®) and MT2 breast carcinoma [21] cells were
maintained as detailed in Supplementary Methods online. FVB/NCtr (FVB/N) mice were
purchased from Charles River (www.criver.com) and Balb/c mice from Taconic Biosciences
(www.taconic.com). Balb/c nude mice were bread at the host institute. WEHI-164 cells in
100 pl phosphate-buffered saline (PBS) were inoculated subcutaneously into the flank of
6-9-week old female Balb/c (5-10 x 10 cells/mice) or female and male (divided equally into
treatment groups) Balb/c nude (1.5 x 10° cells/mice) mice. MT2 cells (1.5 x 106 cells in 100
ul PBS) were inoculated into mammary fat pad (position 3) of 7-week old female FVB/N
mice treated with 0.67 mg/ml estrone in drinking water starting a week prior to the
inoculation. Pantoprazole (Sigma-Aldrich, Y0001001), gemcitabine (Eli Lilly, Gemzar®)
and doxorubicin (Sigma-Aldrich, D1515) were administered in 200 uL PBS /.p. Tumor
diameters (d) were measured using a caliper, and volumes were estimated according to the
formula: V = 4/3 * & * (d/2)3. The animal studies were approved by the Danish authorities
and carried out in accordance with the NIH guidelines.

Epidemiological Study Setting and Data Sources

The study was designed as an inception cohort study using data from nationwide health and
demographic registries [22]. Supplementary Methods and Supplementary Table 1 provide a
detailed description of the registries and codes used to identify cancer patients, drug use,
mortality outcomes and covariates. All data sources were linked by means of the civil
registry number assigned to all Danish residents [23].

The study was approved by the Danish Data Protection Agency. Approval from the Danish
Scientific Ethical committee was not required, as the study did not involve any patient
contact [22].

Study Population and Clinical Parameters

Eligible cohort members were all Danish residents aged 30 years or more at the time of
diagnosis with a histo-or cytologically verified first cancer (except non-melanoma skin
cancer) diagnosis from 1995 to 2011; ascertained from the Cancer Registry [24], which also
provided data on clinical stage at diagnosis. From the National Patient Registry [25], we
obtained information on oncologic therapy within six months of the diagnosis.

Assessment of Drug Use

We defined post-diagnostic PPI use as =2 prescriptions filled on separate dates within six
months following the cancer diagnosis and nonuse as <2 prescriptions. For use in sensitivity
analyses, we applied the same exposure definition to a six-month period prior to the
diagnosis. Analogously defined HoRA use was included as comparator due to similar
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indications with PPIs. In Denmark, most (>90%) of the total sales of PPIs are prescriptions,
whereas a larger proportion of HoRAs is sold over-the-counter [26].

Follow-up and Mortality Outcomes

The cancer patients were followed from six months after the diagnosis until death,
emigration, or end of study (31 December 2013) by linkage to the Civil Registration System
[23]. Patients dying during the first six months after the diagnosis were excluded. The
outcomes were cancer-specific or non-cancer deaths as recorded in the Registry of Causes of
Death [27].

Statistical, Sensitivity and Secondary Analyses

Results

We used Cox proportional hazards regression analysis to estimate multivariable-adjusted
hazard ratios (HRs) with 95% confidence intervals (Cls) for total and 1-year cancer-specific
or non-cancer death associated with post-diagnostic use of PPIs as primary exposure. Time
since baseline (six months after the diagnosis) was used as the underlying time-scale. In
separate analyses, we compared users of PPIs with nonusers or users of H,RAs. The
multivariable-adjusted models included age, gender, year of cancer diagnosis, clinical stage,
Charlson Comorbidity Index score [28], medical history of diabetes, highest achieved
education, disposable income, and use (=2 prescriptions) of aspirin, non-aspirin non-
steroidal anti-inflammatory drugs, angiotensin-converting-enzyme inhibitors, angiotensin
receptor blockers, glucocorticoids, and statins (Table 1).

In secondary analyses, we stratified the PPI users according to pre-diagnostic use, clinical
stage, registered oncologic therapy (data available from 2002), three calendar periods, three
categories of comorbidity, four age-groups and five individual types of PPIs (Table 1).
Finally, as sensitivity analyses, we repeated the main analyses defining PPI use as =1
prescription versus no prescriptions as sensitivity analyses.

In the animal studies, we used t-tests to compare means of tumor volume for various groups
separately for each day with measurements. Probabilities of tumor volumes reaching 380
mm3 or reducing >50% were estimated using the Kaplan-Meier estimator. Differences in
probability were tested using the Log-rank test.

The proportional hazards assumption was obtained by testing for trends in the scaled
Schoenfeld residuals. All analyses were performed using R version 3.0.2.

Cohort characteristics

The study cohort included 347,919 patients with a first cancer diagnosis. Baseline
characteristics of the PPI users and nonusers are presented in Table 1. Approximately 10%
(V= 36,066) of the patients were post-diagnostic PPI users, while 1.5% (N =5,152) were
post-diagnostic H,RA users. Among the PPI users, 20,252 were new users and 15,814 were
continuing users, i.e., also filled = PPI prescriptions within six months prior to the cancer
diagnosis. PPI users were slightly younger than nonusers (average ages of 65.0 and 68.7
years, respectively), while the gender distribution was equal among users and nonusers. PPI
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users had a higher prevalence of diabetes and other comorbidities and were more likely to
have used aspirin, non-aspirin non-steroidal anti-inflammatory drugs, angiotensin-
converting-enzyme inhibitors or angiotensin receptor blockers, statins and glucocorticoids,
whereas no substantial differences were seen for socioeconomic attributes (education and
income) or registered oncological therapy. A larger proportion of PPI users than nonusers
had non-localized cancer disease (43% versus 33%) at diagnosis, while the proportions of
unknown clinical stage were similar (20-22%) between PPI users and nonusers.

PPl use and mortality

During the 1,623,038 person-years of follow-up, we identified 158,925 deaths, of which
121,663 were cancer-specific (Table 1). The crude rate of cancer-specific death was 2.39
times higher among post-diagnostic PPI users than among nonusers (16.5 vs. 6.9 deaths/100
patient-years), and non-cancer death rates were 1.85 higher among PPI users than among
nonusers (4.05 vs. 2.18 deaths/100 patient-years). In adjusted analyses, postdiagnostic PPI
use was associated with 46% increased risk of overall (HR, 1.46; 95% Cl, 1.43 to 1.49) and
67% increased risk of 1-year (HR, 1.67; 95% CI, 1.62 to 1.72) cancer-specific death
compared to nonuse (Figure 1A and Supplementary Table 2). In comparisons with post-
diagnostic use of H,RAs, the adjusted HRs for overall (1.25; 95% CI, 1.20 to 1.31) and 1-
year (1.27; 95% CI, 1.18 to 1.37) cancer-specific mortality were lower than in comparisons
with nonusers, albeit still statistically significantly increased (Figure 1B and Supplementary
Table 2). Post-diagnostic H,RA use compared to nonuse was associated with adjusted HRs
of 1.17 (95% CI, 1.12 to 1.21) for total and 1.25 (95% ClI, 1.18 to 1.32) for 1-year cancer-
specific mortality (Figure 1C).

Stratification according to nine major cancer sites revealed statistically significantly
increased risks for cancer-specific mortality among post-diagnostic PPI users compared to
nonusers for all sites except for esophagus (Figure 1A and Supplementary Table 2). Cancers
of the ovary (1.59; 95% Cl, 1.38 to 1.84), uterus (1.43; 95% CI, 1.08 to 1.88) and breast
(1.35; 95% Cl, 1.24 to 1.47) exhibited the highest adjusted HRs (Figure 1A). Notably, H,RA
use was not associated with increased cancer mortality risk in these three cancer types
(Figure 1C).

In order to further test the robustness of our results, we performed secondary analyses, as
described above. We found that use of PPIs before cancer diagnosis had substantial
influence on the association between post-diagnostic use and cancer-specific mortality, with
a higher adjusted HR for cancer-specific mortality observed among new post-diagnostic
users (1.67; 95% Cl, 1.63 to 1.70) than among continuing users (1.20; 95% Cl, 1.16 to 1.23)
(Figure 2). The adjusted HR for cancer-specific death was also higher among patients with
non-localized cancer than among those with localized disease (Figure 2). Moreover, PPI
users in the youngest age group (<60 years) or with lowest comorbidity level (score 0) had
statistically significantly higher HRs for cancer-specific mortality than elderly subjects (=69
years) or those with higher comorbidity (scores >1), respectively, compared to honusers
(Figure 3). Similar tendencies, albeit not statistically significant, were seen for age and
comorbidity in comparisons of post-diagnostic PPI users with postdiagnostic H,RA users
(Figure 3). Stratification according to gender, year of diagnosis or type of oncologic therapy
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revealed only marginal differences in the HRs (Figure 3). Finally, applying one prescription
as user definition and no prescriptions as comparison did not substantially influence the
associations, although the majority of the risk estimates were slightly lower than those in the
main analyses (Figure 3).

PP1 users in the study cohort included users of pantoprazole (29%), omeprazole (24%),
lansoprazole (23%), esomeprazole (22%; since 1999) and rabeprazole (<1%; since 1999).
Separate analyses of individual drugs exhibited the highest adjusted HRs for cancer-specific
mortality among pantoprazole users compared to pantoprazole nonusers (1.58; 95% ClI,
1.53-1.63) or to HoRA users (1.35; 95% ClI, 1.28-1.42) (Figure 3). These values were
statistically significantly higher than corresponding values among omeprazole users (P <
0.001). Use of rabeprazole was not associated with increased HR for cancer-specific
mortality, however, the number of users in this group was low.

Pantoprazole enhances tumor growth and inhibits the efficacy of chemotherapy in
immunocompetent mice

To test the effect of PPIs on tumor growth more directly and without putative confounding
factors, we inoculated WEHI-164 fibrosarcoma cells into immunocompetent and
immunodeficient (rude) Balb/c mice and treated them daily with pantoprazole (5 mg/kg) or
vehicle after the tumors reached a volume of 110 mm3. When corrected for the 7-fold faster
metabolic rate of mice than humans, the chosen pantoprazole dose roughly corresponds to
the regular daily pantoprazole dose (40 mg) recommended for patients [9]. Pantoprazole
treatment significantly enhanced tumor growth in immunocompetent mice in two
independent experiments (P values: 0.033 and 0.002) but had no effect on tumor growth in
immunodeficient mice (Figures 4A and B). These data suggest that the tumor-promoting
effect of pantoprazole may be due to its inhibitory effect on anti-tumor immunity as
suggested previously [9]. Thus, we tested the effect of pantoprazole on the anti-tumor
activity of gemcitabine, a cytidine analog whose anti-tumor activity /n vivo depends on the
adaptive immunity of the host [29]. Daily pantoprazole treatment inhibited effectively the
anti-tumor activity of a single dose of gemcitabine in WEHI-164 allograft-bearing Balb/c
mice (Figure 4C). Tumors in 22% of vehicle- and 80% of pantoprazole-treated mice showed
progressive growth after gemcitabine treatment. At the end of the 28-day follow-up, 56% of
vehicle- and 20% of pantoprazole-treated mice were alive and tumor-free.

To validate these findings in an independent model system, we compared the effect of
corresponding pantoprazole and vehicle treatments on the growth of orthotopic MT2 breast
carcinoma allografts in immunocompetent FVB/N mice left otherwise untreated or treated
with four cycles of doxorubicin, an anthracycline that induces immunogenic cell death in
tumors [30, 31]. Pantoprazole alone had no significant effect on tumor growth, but it
effectively reduced the anti-tumor activity of doxorubicin (Figure 5). During the 24-day
doxorubicin treatment, tumors in “vehicle + doxorubicin” group either stopped growing or
regressed, whereas tumors in “pantoprazole+ doxorubicin” group continued a progressive
growth similar to that in mice treated with vehicle or pantoprazole alone (Figure 5). During
the two weeks after the last doxorubicin treatment, tumors in both groups regressed, but the
pantoprazole-treated ones regained aggressive growth more rapidly than the vehicle-treated
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ones and had 6.25 times higher HR (95% ClI, 1.64-23.81) for mortality (defined as the
maximum allowed tumor volume) than vehicle-treated mice (Figure 5). Notably,
pantoprazole treatment affected neither growth, survival nor chemotherapy sensitivity of
WEHI-164 and MT2 cells /n vitro (Supplementary Figure 3).

Discussion

The increasing use of PPIs has raised concerns about their potential long-term health
hazards, especially among older patients [3-6]. In line with this, our findings suggest that
the use of PPIs may worsen the prognosis of cancer patients. This conclusion is based on
statistically significant associations between the post-diagnostic use of PPIs and mortality.
The primary limitation of our study is the potential for confounding by indication associated
with PPl use. Thus, we included several provisions to manage confounding into the study
design and analyses. Even though the data were adjusted by clinical stage and oncological
therapy, we remained concerned about a conceivable bias induced by differential use of PPIs
due to gastric symptoms being associated with more advanced cancer stage or
chemotherapy. Our analyses lack information on the specific indications for use of PPIs and
drug use during hospitalization. Conceivably, PPIs were used to treat serious complications
during hospitalization in some cancer patients. As we were mainly interested in the
influence of PPIs on cancer-specific mortality beyond the primary diagnosis and treatment,
we defined post-diagnostic use as =2 prescriptions filled at pharmacies in the primary health
care sector after hospitalization and primary management of the cancer diseases. This
definition may have introduced some misclassification of PPl use, however, we believe that
patients who filled >2 prescriptions were less likely to introduce serious confounding by
indication and prescribing bias. Nevertheless, we observed that the post-diagnostic users of
PPIs with <2 prescription prior to the cancer diagnosis experienced higher excess HRs for
mortality than those who filled minimum two prescriptions both before and after the cancer
diagnosis. Thus, we cannot exclude that some of the excess mortality observed among users
of PPIs were due to confounding by indication and diseases associated with increased
mortality.

To further evaluate the possibility of confounding by indication, we included users of
H,RAs, which have similar anti-peptic indications as PPIs, as an additional comparison
group in all the main analyses. The statistically significantly increased HRs for mortality
among PPI1 users compared to users of HoRAs support an impact of the PPI effect per se.
Moreover, the significantly higher HRs for mortality among pantoprazole users compared to
omeprazole users further point to drug-specific effects. Finally, to have a study set-up free
for confounding factors, we tested the effect of pantoprazole in two independent cancer
models employing inbred Balb/c and FVB/N mice. A drug-specific effect was reinforced by
the pantoprazole-induced acceleration of fibrosarcoma growth in otherwise untreated mice
and significantly weaker chemotherapy responses in both fibrosarcoma and breast
carcinoma-bearing mice.

PPIs have been reported to possess anticancer activity in tumor xenografts in
immunodeficient mice [14-17]. We reasoned that our results showing cancer promoting
effectsin immunocompetent mice could be attributed to the reported inhibitory effect of PPIs
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on the host immune system [1, 9, 32, 33]. To test this hypothesis, we took advantage of a
WEHI-164 fibrosarcoma allograft model in Balb/c mice. In this model, the primary tumor
allograft growth is greatly limited by the host immune system, especially CD8* and CD4* T
lymphocytes [34]. Thus, the ability of pantoprazole to enhance allograft growth in wild type
Balb/c mice but not in Balb/c nude mice lacking mature CD8* and CD4* T lymphocytes,
supports the idea that pantoprazole enhances tumor growth by interfering with the immune
system. This hypothesis is further supported by the pantoprazole-induced potent inhibition
of the anti-tumor activities of immunogenic cell death-inducing anti-neoplastic agents,
gemcitabine and doxorubicin [29, 31, 35]. Finally, a common target essential for most
cancers, such as the immune system, could explain the lack of cancer site specificity in our
epidemiological data. It should, however, be noted that further mechanistic studies are
needed to test this hypothesis.

Taken together, our finding of an association between post-diagnostic PPI use and increased
cancer mortality raises concerns about the growing use of PPIs in general, and their
suggested use as a supplement to cancer therapy in particular [12]. Further studies
addressing the association of PPI use and cancer mortality in study settings where
confounding by indication can be minimized are urgently needed to clarify this issue.
Meanwhile, clinicians should carefully consider indication and necessity when prescribing
PPIs to cancer patients.
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Figure 1. HRsfor cancer-specific and non-cancer mortalities among users of PPIsor HoRAs.
Forest plots show adjusted HRs and 95% Cls for cancer-specific and non-cancer mortality

among Danish cancer patients estimated using Cox proportional hazards regression models

and stratified according to nine major cancer sites.

(A) Values for PPI users with =2 PPI prescriptions within 0-6 months after the cancer
diagnosis compared to PPI nonusers with <2 PPI prescriptions in the same period.
(B) Values for PPI users with =2 PPI prescriptions within 0-6 months after the cancer
diagnosis compared to HoRA users with 22 H,RA prescriptions in the same period.
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(C) Values for HoRA users with =2 HoRA prescriptions within 0-6 months after the cancer
diagnosis compared to nonusers with <2 H,RA prescriptions in the same period.

The corresponding values for figures A and B are shown in Supplementary Table 2 and
unadjusted estimates for cancer mortality for post-diagnostic PPl and H,RA users versus
nonusers in Supplementary Figures 2A and B.
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Figure 2. HRsfor cancer-specific mortality among PPl users stratified on the timing of PPI use
and clinical stage.

Forest plots show adjusted HRs and 95% Cls for cancer-specific mortality among Danish
cancer patients estimated using Cox proportional hazards regression model and stratified
according to nine major cancer sites and PPI use (continuing and new user, middle) or
clinical stage (localized and non-localized, right). Values for all cancer patients from figure
1A are shown for comparison (left). Patients with =2 prescriptions of PPIs within 0-6
months after the cancer diagnosis were compared to nonusers (<2 prescriptions) of PPIs in
the same period (left and right). Continuing (=2 prescriptions both 0-6 months before and
after the cancer diagnosis) and new (<2 prescriptions 0-6 months before and =2 prescriptions
0-6 months after the cancer diagnosis) users were compared to nonusers (<2 prescriptions
both 0-6 months before and after the cancer diagnosis) (middle).
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Figure 3. HRsfor cancer-specific mortality among PPI usersstratified on patient and therapy.
Forest plots show adjusted HRs and 95% Cls for cancer-specific mortality among Danish

cancer patients estimated using Cox proportional hazards regression model and stratified
according to gender, age at diagnosis, Charlson Comorbidity Index (CCI) score, calendar
year of diagnosis, registered cancer treatment (data available from 2002; note that the group
“none registered” also include patients that have received oncological therapy, which has not
been registered), number of post-diagnostic PPI prescriptions and type of PPI. Danish cancer
patients with =2 prescriptions of PPIs 0-6 months after the cancer diagnosis were compared
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to nonusers (<2 prescriptions) of PPIs or users (=2 prescriptions) of HoRAs in the same
period. Finally, as senitivity analyses, users with one prescription were compared to
nonusers with no prescriptions 0-6 months after the cancer diagnosis.
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Figure 4. Effect of pantoprazole on WEHI-164 fibrosarcoma allogr aft growth in
immunocompetent and immunodeficient Balb/c mice.

(A) Kaplan Meier plots for the probability of tumors reaching a volume greater than 380
mm3 show the effect of pantoprazole on WEHI-164 tumor allograft growth in
immunocompetent (/ef?) and immunodeficient (nude; righi) Balb/c mice. Mice were treated
intraperitoneally with vehicle or 5 mg/kg/day pantoprazole from the day tumor volume
reached 110 mm3 (day 0), and followed until tumor volume reached 380 mm3 or the end of
the experiment (day 25). Two mice in the Balb/c vehicle group were sacrificed and censored
due to skin wounds on days 12 and 13. Pvalues were calculated using log-rank test.
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(B) Kaplan Meier plots for the probability of tumors volumes reaching 380 mms3 (/ef? and
mean tumor volumes + SEM (right) show the effect of pantoprazole on tumor allograft
growth in immunocompetent Balb/c mice treated as in (A) from the day tumor volume
reached 180 mm3 (day 0), and followed until tumors reached a volume of 905 mm3 or the
end of follow-up (day 15). One mouse in the pantoprazole group (day 3) and three in the
vehicle group (days 7, 7 and 8) were sacrificed and censored due to skin wounds. Pvalues
comparing the two groups were calculated using log-rank test (/ef?) or two-tailed,
homoscedastic Student’s t-test (right).

(C) Kaplan-Meier plot representing the probability of a tumor volume reduction by >50%
(/ef?d) and mean tumor volumes + SEM (right) show the effect of pantoprazole on
gemcitabine responsiveness of WEHI-164 tumor allografts in Balb/c mice. Mice were
treated with pantoprazole or vehicle as in (A) starting three days after the tumor inoculation.
Five days later (day 0), all mice were treated with a single intraperitoneal dose of
gemcitabine (100 mg/kg). Mice were followed until tumor volumes reached 700-900 mm3
or the end of the experiment (day 28). One mouse in the vehicle group (day 11) and one
mouse in the pantoprazole group (day 15) were sacrificed and censored due to skin wounds.
Pvalues were calculated as in (B).
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Figure 5. Effect of pantoprazole on MT2 breast carcinoma allogr aft growth in FVB/N mice.
Kaplan-Meier plots representing the probability of tumor progression to a volume of 380

mma3 (left) or the survival of the mice (tumor volume > 900 mm3) (middle), and mean tumor
volumes + SEM (right) show the effect of pantoprazole on doxorubicin responsiveness of
MT?2 breast carcinoma allografts in immunocompetent FVB/N mice. Day 0 is the day
tumors reached 65 mm3. Mice were treated intraperitoneally with vehicle or 5 mg/kg/day
pantoprazole starting on day 0 (“doxorubicin groups”) or on days 1-3 when tumor volume

reached 113 mm3 (“n

o doxorubicin” groups). Intraperitoneal doxorubicin treatment was
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given on days 0 (2 mg/kg), 8 (3 mg/kg), 16 (3 mg/kg) and 24 (3 mg/kg) as indicated by
arrow heads. Mice were followed until tumor volumes reached 900 mm3 or the end of the
experiment (day 133). One mouse in the “Vehicle+Doxo” group was sacrificed and censored
due to an injection injury on day 9. P values were calculated using log-rank test (Kaplan-
Meier plots) or two-tailed, homoscedastic Student’s t-test (mean tumor volumes).
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Descriptive statistics for PPl users and nonuser s 0-6 months after cancer diagnosis.

Variable Level Non—user1 N (% of nonusers) Uszer2 N (% of users)

Patients [Median follow-up, interquartile range] 311853 (100) [3.49, 1.29-7.42] | 36066 (100) [1.52, 0.50-3.89]

Cancer deaths 105382 (34) 16281 (45)

Non-cancer deaths 33281 (11) 3981 (11)

Age at diagnosis <60 100143 (32) 7781 (22)

60-68 80176 (26) 9381 (26)

69-77 75736 (24) 10056 (28)

>77 55798 (18) 8848 (25)

Year of diagnosis 1995-2000 98751 (32) 5615 (16)

2001-2005 89171 (29) 10023 (28)

2006-2011 123931 (40) 20428 (57)

Gender Male 147705 (47) 18088 (50)

Female 164148 (53) 17978 (50)

Disposable incomez 1 65366 (21) 9484 (26)

2 76030 (24) 10891 (30)

3 54078 (17) 6010 (17)

4 50722 (16) 4680 (13)

5 65657 (21) 5001 (14)

Education Higher 45009 (14) 4222 (12)

Vocational 119109 (38) 13738 (38)

Basic 71332 (23) 11266 (31)

Unknown 76403 (24) 6840 (19)

Clinical stage Localized 146339 (47) 12589 (35)

Non-localized 103462 (33) 15444 (43)

Unknown 62052 (20) 8033 (22)

Aspirin3 User 25738 (8) 5326 (15)

Non-aspirin non-steroidal anti-inflammatory drugs3 User 25027 (8) 4982 (14)
Angiotensin-converting-enzyme inhibitors or

angiotensin receptor blocker53 User 36991 (12) 6418 (18)

Statin53 User 20905 (7) 4411 (12)

Steroid33 User 12286 (4) 5180 (14)

Proton pump inhibitors, pre-diagnostic4 User 7790 (2) 15814 (44)

Histamine H2-receptor antagonist53 User 4647 (1) 505 (1)

Charlson Comorbidity Index5 0 225346 (72) 18525 (51)

1 55192 (18) 9126 (25)
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Variable Level Non-user1 N (% of nonusers) User2 N (% of users)
2+ 31315 (10) 8415 (23)
Diabetes diagnosis Yes 15463 (5) 3461 (10)
Cancer sites Lung 25142 (8) 5491 (15)
Colorectal 42355 (14) 4833 (13)
Breast 61039 (20) 3876 (11)
Ovary 6379 (2) 901 (2)
Stomach 2376 (1) 2348 (7)
Prostate 40187 (13) 3359(9)
Esophagus 1726 (1) 1536 (4)
Pancreas 3036 (1) 1213 (3)
Uteru56 9457 (3) 640 (2)
Proton pump inhibitor subtype33 Omeprazole 0 (0) 8488 (24)
Pantoprazole 0(0) 10295 (29)
Lansoprazole 0 (0) 8453 (23)
Rabeprazole 0(0) 232 (1)
Esomeprazole 0 (0) 8031 (22)
Registered oncological therapy7 Chemo only 31478 (16)8 5882 (20)9
Radiation only 22590 (12)% 2026 (10)°7
Endocrine only 8151 (4)8 922 (3)9
Chemo+Radiation 13166 (7)° 2844 (10)°
None 113520 (58)° 15738 (54)7

1 i . .
Less than two prescriptions 0-6 months after diagnosis

Disposable income categorized according to quintiles from lowest (1) to highest (5)

3 - . .
Two prescriptions 0-6 months after diagnosis

4 - . .
Two prescriptions 0-6 months before diagnosis

5Modified Charlson Comorbidity Index (excluding cancer)

6 . .
Cervix and corpus uteri

7Data available from 2002 for 195997 nonusers and 28925 users of PPIs. Note that all treatments have not been registered

gPercentage of cancer patients (PPI nonusers) diagnosed in 2002-2011

gPercentage of cancer patients (PPl users) diagnosed in 2002-2011

Int J Cancer. Author manuscript; available in PMC 2021 July 17.



	Abstract
	Introduction
	Materials and Methods
	Tumor allografts in mice
	Epidemiological Study Setting and Data Sources
	Study Population and Clinical Parameters
	Assessment of Drug Use
	Follow-up and Mortality Outcomes
	Statistical, Sensitivity and Secondary Analyses

	Results
	Cohort characteristics
	PPI use and mortality
	Pantoprazole enhances tumor growth and inhibits the efficacy of chemotherapy in immunocompetent mice

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

