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Purpose

Blogkade of the programmed cell death 1 (PDCD1, PD-1) immune checkpoint pathway can improve
clinical outcomes in various malignancies. Evidence suggests that aspirin (a widely used non-
steroidal anti-inflammatory drug) not only prolongs colorectal cancer survival, but can also activate
T cell-mediated antitumor immunity and synergize with immunotherapy through inhibition of
prostaglandin E2 production. We hypothesized that the survival benefit associated with aspirin
might be stronger in colorectal carcinoma with a lower CD274 (PDCD1 ligand 1, PD-L1) expression
level that resulted in lower signaling of the immune checkpoint pathway.

Patients and Methods

Using data from 617 patients with rectal and colon cancer in the Nurses' Health Study and the Health
Professionals Follow-Up Study, we examined the association of postdiagnosis aspirin use with
patient survival in strata of tumor CD274 expression status measured by immunohistochemistry.
We used multivariable Cox proportional hazards regression models to control for potential con-
founders, including disease stage, microsatellite instability status, CpG island methylator pheno-
type, long interspersed nucleotide element-1 methylation, cyclooxygenase-2 (PTGS2), and CDX2
expression, and KRAS, BRAF, and PIK3CA mutations.

Results

The association of postdiagnosis aspirin use with colorectal cancer—specific survival differed by
CD274 expression status (Pnteraction < .001); compared with aspirin nonusers; multivariable-
adjusted hazard ratios for regular aspirin users were 0.16 (95% ClI, 0.06 to 0.41) in patients with
low CD274 and 1.01 (95% CI, 0.61 to 1.67) in patients with high CD274. This differential as-
sociation seemed consistent in patients with microsatellite-stable or PIK3CA wild-type disease
and in strata of PTGS2 expression, CDX2 expression, tumor-infiltrating lymphocytes, or pre-
diagnosis aspirin use status.

Conclusion

The association of aspirin use with colorectal cancer survival is stronger in patients with CD274-low
tumors than CD274-high tumors. Our findings suggest a differential antitumor effect of aspirin
according to immune checkpoint status.

J Clin Oncol 35:1836-1844. © 2017 by American Society of Clinical Oncology

shown that inhibitors targeting the CD274
(PDCD1 ligand 1, PD-L1) or PDCD1 (PD-1)
protein can improve clinical outcomes in vari-

Accumulating evidence indicates that the pro-
grammed cell death 1 (PDCD1, PD-1) immune
checkpoint pathway plays a key role in suppressing
T cell-mediated antitumor immune response in
the tumor microenvironment."” Studies have
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ous types of malignancies,' including colorectal
carcinoma with high-level microsatellite in-
stability (MSI).>® Emerging evidence also sug-
gests that the response to immunotherapy can
be affected by tumor molecular alterations and
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Aspirin, CD274 (PD-L1), and Colorectal Cancer Survival

other host factors.®® A better understanding of host-tumor in-
teractions in the tumor microenvironment may improve immu-
notherapy strategies.

Colorectal carcinomas represent a heterogeneous group of
neoplasms with varying sets of genetic and epigenetic alter-
ations, influenced by exposures to multiple factors, including
medications.'*"> Accumulating evidence indicates that regular use
of aspirin, a widely used nonsteroidal anti-inflammatory drug
(NSAID), can reduce colorectal cancer incidence and improve
clinical outcomes after diagnosis.'®>' In a recent meta-analysis of
seven studies, aspirin use after colorectal cancer diagnosis was
associated with longer overall survival (pooled hazard ratio [HR]
for regular users of aspirin compared with nonusers, 0.84; 95% CI,
0.75 to 0.94).>' Studies have shown that the association of aspirin
use with colorectal cancer survival seems more pronounced for
patients with tumor PTGS2 (cyclooxygenase-2) overexpression'’
or tumor PIK3CA mutation;'>** however, neither PTGS2 ex-
pression nor PIK3CA mutation is a perfect predictor of response to
aspirin. Aspirin has been shown to reverse immune evasion of
tumor cells through inhibition of prostaglandin E2 (PGE2) pro-
duction.””*” Emerging evidence also points to possible synergism
of PDCD1 (PD-1) immune checkpoint blockade and prosta-
glandin inhibition via aspirin for combination immunotherapy
strategies.””>> On the basis of these lines of evidence, it is spec-
ulated that suppression of the immune checkpoint may be required
to enhance the effects of aspirin on tumors that have activated the
immune checkpoint. We therefore hypothesized that aspirin might
be less effective for colorectal carcinomas with high-level CD274
(PD-L1) expression than tumors with low-level CD274 expression
and that tumor CD274 expression might serve as a biomarker that
predicts resistance to aspirin use.

To test this hypothesis, we used integrated data on aspirin use,
colorectal tumor characteristics, and patient outcomes within two
large prospective cohort studies in the United States and examined
the prognostic association of aspirin use in strata of tumor CD274
expression status.

Study Population and Histopathologic Assessment

We used two prospective cohort studies in the United States, the
Nurses’ Health Study (which observed 121,701 women since 1976) and the
Health Professionals Follow-up Study (which observed 51,529 men since
1986).%® Study participants had been sent follow-up questionnaires bi-
ennially to update information on lifestyle factors, including medication
use, and to identify newly diagnosed diseases in themselves and their first-
degree relatives. The National Death Index was used to ascertain deaths of
study participants and identify patients with unreported fatal colorectal
cancer. Study physicians reviewed the medical records of patients with
colorectal cancer and recorded disease stage and tumor size and location,
as well as cause of death. We collected archival formalin-fixed paraffin-
embedded tumor tissue from hospitals throughout the United States where
participants diagnosed with colorectal cancer had undergone tumor re-
section. There were no significant differences in demographic features or
exposures between patients with and without available tissue data.'” A
single pathologist (S.0.), who was unaware of other data, reviewed he-
matoxylin and eosin—stained tissue sections and recorded pathologic
features, including tumor differentiation and tumor-infiltrating lympho-
cytes (TIL), as previously described.”® On the basis of available data on
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postdiagnosis aspirin use and tumor CD274 (PD-L1) expression, we in-
cluded 617 patients in our current analysis (Fig 1). We included both colon
and rectal carcinomas, on the basis of the colorectal continuum model.*
Patients were observed until death or January 1, 2012, whichever came
first.

The current study was designed as a post hoc analysis of the tumor
biomarker within the two prospective cohort studies. Written informed
consent for enrollment in one of the prospective cohort studies was
obtained from all cohort participants, and consent for use of cancer tissue
specimens was obtained from all patients included in this study. This study
was approved by the institutional review boards at Harvard T.H. Chan
School of Public Health and Brigham and Women’s Hospital (Boston,
MA).

Assessment of Use of Aspirin and Other NSAIDs

A detailed description about collection of data on use of aspirin and
other NSAIDs is provided in the Data Supplement. As previously de-
scribed,” regular aspirin users were defined as those who took aspirin
(either standard-dose or low-dose, or both) two or more times per week.
Nonusers were defined as those who took aspirin fewer than two times per
week or used no aspirin.”’ We also collected information on regular use
(two or more times per week) of other NSAIDs.

Original Cohorts
Women enrolled in 1976 (n = 121,701)
NHS: aspirin assessed in 1980
Men enrolled in 1986 (n = 51,529)
HPFS: aspirin assessed in 1986

Followed-up from 1980/1986 to 2008
Women (n =87,998)
Men (n = 47,344)

Patients diagnosed with
colorectal cancer until 2008 (n = 3,998)

Patients without tumor tissue were
excluded (n = 2,452)

Available tissue from patients with
colorectal cancer (n = 1,546)

Patients without tumor CD274 data were
excluded (n = 731)

Patients with colorectal cancer
available for tumor CD274 (PD-L1)
analysis (n = 815)

Patients excluded (n=198)

——  Patients without data on
postdiagnosis aspirin (n =196)
Patients without survival data (n=2)

Study Population
Patients with colorectal cancer analyzed
(N =617)

Fig 1. Flow diagram of the study population in the Nurses' Health Study and the
Health Professionals Follow-Up Study. HPFS, Health Professional’s Follow-Up
Study; NHS, Nurse's Health Study; PD-L1, programmed cell death 1 ligand 1.
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Analyses of Tumor Characteristics

A detailed description of analyses of tumor characteristics is provided
in the Data Supplement. We constructed tissue microarray for patients
with sufficient tissue materials, including up to four cores from each
patient with colorectal cancer in one tissue microarray block and per-
formed immunohistochemistry of PTGS2 and CDX2, as previously
described.'®** Immunohistochemistry of CD274 (PD-L1) was performed
using anti-CD274 antibody (dilution, 1:50; eBioscience, San Diego, CA),
and tumor CD274 expression level (an ordinal scale of 0 to 4) was scored by
a single pathologist (Y.M.), as previously described.”> CD274 expression
levels in selected tumors (n = 148) were independently examined by
a second pathologist (A.dS.), and the concordance between the two pa-
thologists was reasonable with a weighted k of 0.65 (95% CI, 0.57 to
0.73).” In the current survival analyses, we categorized CD274 levels with
the most balanced subgrouping as low (scale of 0 to 1) versus high (scale of
2 to 4) to maximize statistical power.

MSI status®® and mutation status for KRAS (codons 12, 13, 61, and
146),>> BRAF (codon 600),>> and PIK3CA (exons 9 and 20) were de-
termined as previously described.'® Methylation status of eight CpG island
methylator phenotype—specific promoters and long interspersed nucleo-
tide element-1 was analyzed as previously described.”

Statistical Analysis

A detailed description of the statistical analysis and accompanying
supplemental data are shown in the Data Supplement. All statistical an-
alyses were performed using SAS software (version 9.4; SAS Institute, Cary,
NC), and all P values were two-sided. Our primary hypothesis testing was
an assessment of the interaction (using the Wald test for the cross-product)
between postdiagnosis aspirin use (regular use v nonuse) and tumor
CD274 expression status (low v high) in the multivariable-adjusted Cox
proportional hazards regression model. To account for multiple hypothesis
testing inherent in subgroup analyses in molecular pathologic epidemi-
ology research,'®*® we adjusted the two-sided alpha level to .01. All other
analyses were secondary, and we used the alpha level of .01. Outcome end
points were colorectal cancer—specific survival and overall survival. Sur-
vival time was defined as the period from the date of return of the first
postdiagnosis questionnaire to death or the end of follow-up for those who
had not died. In colorectal cancer—specific survival analysis, deaths from
other causes and those with missing data on cause of death were treated as
censored events. To reduce a bias resulting from the availability of post-
diagnosis questionnaire data, the inverse probability weighting (IPW)
method was applied to all survival analyses.”” Cumulative survival proba-
bilities were estimated using the IPW-adjusted Kaplan-Meier method and
compared using the weighted log-rank test.”® We initially included the
variables described in the Data Supplement and conducted backward
elimination with a threshold P of .05 to select variables for the final models.
We conducted a single regression model to calculate HRs for aspirin use
status in strata of tumor CD274 status, with a reparameterization of the
interaction term.”® Results of Kaplan-Meier survival analyses and Cox re-
gression analyses without IPW, which were similar to those with IPW, are
shown in the Data Supplement.

We included 617 patients with colorectal cancer in the two prospective
cohort studies (Table 1 and Data Supplement). Prediagnosis regular
aspirin users tended to continue this medication after diagnosis.
During the median follow-up time of 11.5 years (interquartile range,
7.8 to 15.5 years) for all censored patients, there were 325 all-cause
deaths, including 118 colorectal cancer—specific deaths.

We examined the prognostic association of aspirin use after
colorectal cancer diagnosis in strata of tumor CD274 expression
status. In Kaplan-Meier survival analysis, postdiagnosis aspirin use
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was associated with longer colorectal cancer—specific survival in
patients with low-level tumor CD274 expression (P < .001), but
not in patients with high-level CD274 expression (P = .85; Fig
2). In our primary hypothesis testing using Cox regression
analysis, we observed a statistically significant interaction between
postdiagnosis aspirin use and tumor CD274 expression status in
colorectal cancer—specific survival analysis (Piyeraction < -001)
and overall survival analysis (Pipteraction = -004; Table 2). Post-
diagnosis aspirin use was associated with longer colorectal
cancer—specific survival in patients with low CD274 (multivariable-
adjusted HR, 0.16; 95% CI, 0.06 to 0.41), but not in patients with
high CD274 (multivariable-adjusted HR, 1.01; 95% CI, 0.61 to
1.67). A similar, although attenuated, differential association of
aspirin use with overall survival by tumor CD274 status was
observed.

We conducted survival analyses in each cohort (Data Sup-
plement) and observed no significant heterogeneity between the
two cohorts in terms of the prognostic association of postdiagnosis
aspirin use or tumor CD274 expression status (Pheterogencity > -19
by the Q statistic). Therefore, we pooled the cohorts for further
analyses to increase statistical power.

We conducted secondary analyses stratified by stage. Although
the differential association of postdiagnosis aspirin use with co-
lorectal cancer survival by tumor CD274 expression status was
more apparent in stage III to IV cancer than in stage I to II cancer,
statistical power was limited in the subgroup analysis (Data
Supplement). We conducted a sensitivity analysis excluding pa-
tients with stage IV, and results were similar (Data Supplement). In
analysis of 185 patients with available data on chemotherapy (Data
Supplement), although statistical power was limited, we observed
a trend toward a similar differential prognostic association of
postdiagnosis aspirin use by tumor CD274 status after adjusting for
chemotherapy use (Piyeraction = -057 for colorectal cancer—specific
survival).

As another secondary analysis, we examined the prognostic
association of postdiagnosis weekly aspirin dose in strata of tumor
CD274 expression status (Data Supplement). Although there
seemed to be a differential prognostic association by tumor CD274
status (similar to the data in Table 2), statistical power was limited
for determining a dose-response relationship.

We performed an exploratory analysis to examine the survival
association of postdiagnosis aspirin use across strata of tumor
CD274 expression status and prediagnosis aspirin use status (Data
Supplement). Although the differential prognostic association of
postdiagnosis aspirin use by CD274 status seemed consistent across
strata of prediagnosis aspirin use status, statistical power was
limited.

A classification system on the basis of tumor CD274 ex-
pression status and TIL, which is called Tumor Immunity in the
Microenvironment (TIME) has been proposed.’”*’ We examined
the prognostic association of postdiagnosis aspirin use in strata of
TIME categories (Data Supplement). Although statistical power
was limited, the HR for colorectal cancer—specific survival of
postdiagnosis aspirin users (v nonusers) seemed to be consistently
lower in patients with low CD274 than in patients with high
CD274 in both the TIL-negative and TIL-positive strata.

As exploratory analyses, we examined the prognostic asso-
ciation of postdiagnosis aspirin use according to tumor CD274

JOURNAL OF CLINICAL ONCOLOGY
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Table 1. Clinical, Pathologic, and Molecular Characteristics of Patients With Colorectal Cancer According to Tumor CD274 (PD-L1) Expression Status and Postdiagnosis
Aspirin Use Status
Low CD274 (PD-L1) Expression High CD274 (PD-L1) Expression
All Patients Aspirin Nonusers Regular Aspirin Users Aspirin Nonusers Regular Aspirin Users
Characteristic* (N =617) (n=127) (n =106) (n=221) (n = 163)
Sex
Female (NHS) 365 (59) 75 (59) 56 (53) 142 (64) 92 (56)
Male (HPFS) 252 (41) 52 (41) 50 (47) 79 (36) 71 (44)
Mean age = SD (years) 68.6 = 8.8 68.2 =95 69.5 * 8.1 67.5 + 85 69.9 = 9.0
Year of diagnosis
1995 or before 203 (33) 39 (31) 33 (31) 85 (38) 46 (28)
1996 to 2000 218 (35) 42 (33) 35 (33) 74 (33) 67 (41)
2001 to 2008 196 (32) 46 (36) 38 (36) 62 (28) 50 (31)
Family history of colorectal cancer in
first-degree relative(s)
Absent 489 (79) 100 (79) 81 (76) 178 (81) 130 (80)
Present 128 (21) 27 (21) 25 (24) 43 (19) 33 (20)
Prediagnosis body mass indext
< 25 kg/m? 244 (40) 56 (44) 37 (35) 92 (42) 59 (36)
25 to 29.9 kg/m? 250 (41) 49 (39) 48 (45) 80 (36) 73 (45)
= 30 kg/m? 122 (20) 22 (17) 21 (20) 48 (22) 31 (19)
Prediagnosis aspirin use status
Nonuse 362 (59) 101 (80) 31 (29) 179 (81) 51 (31)
Regular use 255 (41) 26 (20) 75 (71) 42 (19) 112 (69)
Prediagnosis other NSAID use status
Nonuse 453 (80) 89 (78) 81 (79) 156 (79) 127 (82)
Regular use 114 (20) 25 (22) 21 (21) 41 (21) 27 (18)
Postdiagnosis other NSAID use status
Nonuse 481 (82) 97 (82) 83 (81) 175 (84) 126 (81)
Regular use 105 (18) 22 (18) 20 (19) 34 (16) 29 (19)
Tumor location
Proximal colon 298 (48) 72 (57) 49 (47) 93 (42) 84 (52)
Distal colon 197 (32) 26 (20) 35 (33) 84 (38) 52 (32)
Rectum 120 (20) 29 (23) 21 (20) 43 (20) 27 (17)
Tumor differentiation
Well to moderate 563 (92) 113 (90) 99 (93) 202 (91) 149 (91)
Poor 52 (8.5) 12 (9.6) 7 (6.6) 19 (8.6) 14 (8.6)
AJCC disease stage
| 153 (25) 24 (19) 40 (38) 44 (20) 45 (28)
Il 212 (34) 56 (44) 30 (28) 81 (37) 45 (28)
Il 176 (29) 33 (26) 22 (27) 64 (29) 57 (35)
\Y 42 (6.8) 7 (56.5) 2(1.9 22 (10) 11 (6.8)
Unknown 34 (5.5) 7 (56.5) 12 (11) 10 (4.5) 5(3.1)
MSI status
MSS/MSI-low 493 (82) 92 (73) 83 (82) 187 (86) 131 (84)
MSI-high 108 (18) 34 (27) 18 (18) 31 (14) 25 (16)
CIMP status
CIMP-low/negative 475 (82) 94 (77) 76 (80) 183 (87) 122 (80)
CIMP-high 104 (18) 28 (23) 19 (20) 27 (13) 30 (20)
Mean LINE-1 methylation level = SD (%) 624 =95 62.8 =95 63.0 = 9.2 619 =96 622 +9.8
KRAS mutation
Wild type 364 (61) 76 (60) 66 (65) 127 (59) 95 (61)
Mutant 234 (39) 50 (40) 35 (35) 87 (41) 62 (39)
BRAF mutation
Wild type 518 (86) 104 (83) 89 (87) 193 (89) 132 (84)
Mutant 85 (14) 22 (17) 13 (13) 25 (11) 25 (16)
PIK3CA mutation
Wild type 476 (85) 105 (88) 78 (83) 170 (84) 123 (84)
Mutant 87 (15) 15 (13) 16 (17) 32 (16) 24 (16)
PTGS2 (cyclooxygenase-2) expression
Negative 243 (40) 55 (45) 46 (44) 78 (36) 64 (40)
Positive 359 (60) 66 (55) 58 (56) 138 (64) 97 (60)
CDX2 expression
Positive/intact 330 (76) 59 (73) 53 (73) 122 (74) 96 (81)
Loss 107 (24) 22 (27) 20 (27) 42 (26) 23 (19)
NOTE. Values are No. (%) unless otherwise indicated.
Abbreviations: AJCC, American Joint Committee on Cancer; CIMP, CpG island methylator phenotype—-specific promoters; HPFS, Health Professionals Follow-Up Study;
LINE-1, long interspersed nucleotide element-1; MSI, microsatellite instability; MSS, microsatellite stable; NHS, Nurses’ Health Study; NSAID, nonsteroidal anti-
inflammatory drug; PD-L1, programmed cell death 1 ligand 1; SD, standard deviation.
*Percentage indicates the proportion of patients with a specific clinical, pathologic, or molecular characteristic among all patients or in strata of tumor CD274 expression
status and postdiagnosis aspirin use status.
tCalculated by dividing weight (kilogram) by squared height (meter).
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status (Data Supplement).

The differential prognostic association of aspirin use by CD274
status seemed consistent in microsatellite stable/MSI-low tumors.
There were only six colorectal cancer—specific deaths among
patients with MSI-high tumors, precluding a robust statistical

assessment in this stratum. Although the differential survival as-
sociation of postdiagnosis aspirin use by CD274 status seemed
consistent across the strata of PTGS2 or CDX2 expression, sta-
tistical power was limited in these subgroup analyses. There was
only one colorectal cancer—specific death among regular aspirin

1840
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Fig 2. Inverse probability weighting-adjusted Kaplan-
Meier survival curves of patients with colorectal cancer
according to postdiagnosis aspirin use status, in strata
of tumor CD274 (programmed cell death 1 ligand 1 [PD-
L1]) expression status. The P values were calculated
using the weighted log-rank test (two-sided). (A) Co-
lorectal cancer—specific survival and (B) overall survival
of patients with low tumor CD274 expression level; (C)
colorectal cancer-specific survival and (D) overall sur-
vival of patients with high tumor CD274 expression
level.

users with PIK3CA-mutant tumors, precluding a statistical as-
sessment in the PIK3CA-mutant stratum.

Experimental evidence supports a synergistic effect of aspirin and
immune checkpoint blockade on stimulating T cell-mediated
antitumor immune response,”’ which implies that activated status
of immune checkpoint in cells within the tumor microenviron-
ment may confer resistance to aspirin. Hence, we tested the
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Table 2. Postdiagnosis Aspirin Use and Tumor CD274 (PD-L1) Expression Status in Relation to Colorectal Cancer Survival

Colorectal Cancer-Specific Survival

Overall Survival

Aspirin Use and Tumor No. of No. of Univariable HR* Multivariable HR*t No. of Univariable HR* Multivariable HR*t
Expression Patients Events (95% CI) (95% Cl) Events (95% Cl) (95% Cl)
Postdiagnosis aspirin use
status
Nonuse 348 81 1 (referent) 1 (referent) 186 1 (referent) 1 (referent)
Regular use 269 37 0.71 (0.40 to 1.25) 0.65 (0.40 to 1.07) 139 0.88 (0.62 to 1.25) 0.74 (0.50 to 1.09)
Tumor CD274 (PD-L1)
expression
Low 233 37 1 (referent) 1 (referent) 114 1 (referent) 1 (referent)
High 384 81 1.48 (0.87 to 2.53) 1.09 (0.66 to 1.78) 211 1.33 (0.94 to 1.89) 1.20 (0.87 to 1.67)
Low tumor CD274 (PD-L1)
expression
Nonuse of aspirin 127 29 1 (referent) 1 (referent) 66 1 (referent) 1 (referent)
Regular use of aspirin 106 8 0.18 (0.07 to 0.43) 0.16 (0.06 to 0.41) 48 0.43 (0.26 to 0.72) 0.38 (0.23 to 0.65)
High tumor CD274 (PD-L1)
expression
Nonuse of aspirin 221 52 1 (referent) 1 (referent) 120 1 (referent) 1 (referent)
Regular use of aspirin 163 29 1.06 (0.56 to 2.02) 1.01 (0.61 to 1.67) 91 1.19 (0.77 to 1.84) 0.98 (0.62 to 1.55)
PiteractionT .001 < .001 .003 .004

Abbreviations: HR, hazard ratio; PD-L1, programmed cell death 1 ligand 1.

details).

(low v high) in the inverse probability weighting-adjusted Cox regression model.

*Inverse probability weighting was applied to reduce a bias resulting from the availability of questionnaire data after cancer diagnosis (see Statistical Analysis section for

tThe multivariable Cox regression model initially included sex, age at diagnosis, year of diagnosis, family history of colorectal cancer, prediagnosis body mass index,
prediagnosis aspirin use, prediagnosis other nonsteroidal anti-inflammatory drug use, postdiagnosis other nonsteroidal anti-inflammatory drug use, tumor location, tumor
differentiation, disease stage, microsatellite instability status, CpG island methylator phenotype-specific promoter status, long interspersed nucleotide element-1
methylation level, PTGS2 (cyclooxygenase-2) expression, CDX2 expression, and KRAS, BRAF, PIK3CA mutations. A backward elimination with a threshold Pof .05 was
used to select variables for the final models. The final models for colorectal cancer—specific survival analysis and overall survival analysis included age at diagnosis, year of
diagnosis, tumor differentiation, disease stage, microsatellite instability status, long interspersed nucleotide element-1 methylation level, and CDX2 expression status.

¥ Phteraction (two-sided) was calculated using the Wald test for the cross-product of postdiagnosis aspirin use (regular use vnonuse) and tumor CD274 expression status

hypothesis that the association of postdiagnosis aspirin use with
colorectal cancer survival might be weaker or not present for
tumors with high-level CD274 (PD-L1) expression, compared with
tumors with low-level CD274 expression, in which we expected to
observe a stronger prognostic association of aspirin use. We found
such a differential prognostic association with aspirin use by tumor
CD274 expression. Our data provide evidence for possible syn-
ergism of aspirin-mediated antitumor pathways and CD274-
PDCD1 (PD-1) immune checkpoint blockade to improve clini-
cal outcome of colorectal tumors that have activated the immune
checkpoint. This study suggests that regular users of aspirin before
colorectal cancer diagnosis may benefit from antitumor effects of
aspirin after diagnosis if tumor CD274 expression level is low.
Alterations in the tumor microenvironment during tumor pro-
gression may contribute to differential sensitivity to aspirin ex-
posure before and after cancer diagnosis. Our findings support the
potential of the synergism of prostaglandin inhibition and PDCD1
(PD-1) immune checkpoint blockade at a later phase of tumor
progression.

Colorectal carcinoma is a heterogeneous disease, and local
immune status in the tumor microenvironment has been associated
with clinical outcome.**** Studies have shown that tumor CD274
expression is associated with tumor molecular features®>**>°
and low density of FOXP3" cells in colorectal cancer.”® Although
blockade of the CD274-PDCD1 (PD-1) immune checkpoint
pathway has been shown to effectively activate T cell-mediated
antitumor immunity in various tumor types,' ™ only a small subset
of patients with colorectal cancer can benefit from immune
checkpoint blockade.”® Therefore, there is a substantial need to

jeo.org

better understand host-tumor interactions that potentially modify
the effectiveness of immunotherapy.

PTGS1 (cyclooxygenase-1) and PTGS2 (cyclooxygenase-2) are
enzymes that produce prostaglandins, including PGE2. Experi-
mental evidence suggests that local inflammatory status caused by
overproduction of PGE2 may be one mechanism that allows tumor
cells to evade host immune surveillance through accumulation of
myeloid-derived suppressor cells, suppression of dendritic cells,
and, more importantly, evasion from T cell-mediated immune
attack.”>?”*">* Evidence also suggests that the innate immune
response can be reactivated by reversing the immune evasion via
aspirin.”>"* Aspirin may reverse the inhibitory effect of PGE2 on
regulatory T cells and dendritic cells>**** and restore balance
of inflammatory cytokines,”> thereby enhancing T cell-mediated
immune response. Furthermore, emerging evidence suggests that
the immunomodulatory effect of prostaglandin production in-
hibition can synergize with immune checkpoint blockade to sup-
press growth of various tumors, including colorectal cancer.”*>>?"
Our findings supporting the differential effects of aspirin according
to immune checkpoint status underscore the potential of dual
prostaglandin inhibition and immune checkpoint blockade as
a combination immunotherapy strategy to further improve clinical
outcome.

Limitations exist in this study. Limited data on cancer
treatment represent a weakness, considering improvements in
chemotherapy during the past decades. We adjusted multivariable
models for year of diagnosis and disease stage and confirmed that
these variables had little confounding effects. Among patients with
available data on adjuvant chemotherapy, postdiagnosis aspirin use
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was not associated with chemotherapy use. Among patients with
stage II to III disease, 65% of regular users of aspirin received
chemotherapy compared with 67% of nonusers (P = .86). In
addition, the treatment decision was not made on the basis of
tumor CD274 expression status because the CD274 data were not
available for treating physicians. However, chemotherapy use is an
important variable, and future studies need to address its effects
on the potential interactive association of aspirin and tumor
CD274 expression with colorectal cancer survival. Our aspirin data
depended on questionnaire returns, which might have caused
a bias resulting from the availability of postdiagnosis questionnaire
data; hence, we applied the IPW method to all survival analyses to
adjust for differential questionnaire returns. In addition, our co-
hort participants were health professionals who were more likely to
be accurate in their report of aspirin intake. Limited information
on cancer recurrence in the two cohorts was another limitation.
Nonetheless, given the long-term follow-up of censored patients,
colorectal cancer—specific survival may be regarded as a reasonable
surrogate end point for clinical outcomes of colorectal cancer. We
should acknowledge a possible bias in assessment of tumor CD274
expression due to intratumor heterogeneity. Our validation study
using whole tissue sections of colorectal cancer did not find sub-
stantial intratumoral heterogeneity.”> Lack of a standardized eval-
uation method for tumor CD274 expression is another issue;
nonetheless, it is expected that potential misclassification of tumors
in terms of CD274 expression more likely would have driven our
results toward the null hypothesis.

A major strength of this study is use of a molecular pathologic
epidemiology’®>” database on the basis of the two large prospective
cohort studies. An integrated analysis incorporating prospectively
collected data on aspirin use, clinicopathological features, and
tumor molecular markers allowed us to comprehensively examine
the interactive prognostic associations of postdiagnosis aspirin use
and tumor CD274 expression. Availability of prediagnosis aspirin
use data enabled us to adjust for prediagnosis aspirin use status and
to evaluate potential effect modification by prediagnosis aspirin
status. Importantly, our patients with colorectal cancer were
derived from a large number of hospitals throughout the Uni-
ted States (rather than a few hospitals), which increases the

generalizability of our findings. However, our results need to be
validated in independent datasets.

In conclusion, we have found a stronger association of as-
pirin use with colorectal cancer survival in tumors with low-level
CD274 expression than in tumors with high-level CD274 ex-
pression. Our data suggest that overexpression of the CD274
immune checkpoint ligand may attenuate survival benefits as-
sociated with aspirin use and that tumor CD274 expression status
may serve as a biomarker to select patients for adjuvant aspirin
therapy. Given growing popularity of immune checkpoint in-
hibitors for cancer treatment, our findings, if validated, may have
considerable clinical implications for adjuvant aspirin use in the
era of immunotherapy.
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