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Summary

Chronic inflammation may drive development of cancer as observed in

inflammation-induced colorectal cancer (CRC). Though immune cells can

infiltrate the tumour microenvironment, cancer cells seem to evade anti-tu-

mour responses, which is one of the established hallmarks of cancer. Target-

ing the programmed cell death protein-1 (PD-1)/PD-L1 signalling pathway

is currently at the forefront in the development of anti-tumour immunity-

based therapies for multiple malignancies. By blocking the immune-check-

point of activated T-cells, it is possible to rewire the adaptive resistance

induced by the PD-1 ligands expressed in the tumour microenvironment.

However, adverse immunotherapy-modulated events could complicate the

treatment of individuals with preexisting chronic inflammatory conditions.

In this study, we investigated the expression of different systemic and muco-

sal T-cell subsets during the course of azoxymethane (AOM)/dextran sul-

phate sodium (DSS)-induced colitis and colitis-associated CRC. In addition,

we examined the expression of PD-1 and its ligands PD-L1 and PD-L2 as

well as other molecular targets related to T-cell exhaustion. We found a sig-

nificant increase in PD-1 expression on all examined mucosal T-cell subsets

of the colon and the ileum, which correlated with disease progression. We

also observed an upregulation of PD-L1 and PD-L2 mRNA expression

throughout the AOM/DSS regime. Blocking PD-1 signalling with an anti-

PD1 antibody did not affect the tumour burden in the AOM/DSS-treated

mice, but did potentiate the weight loss in the third DSS cycle, indicating

possible immune-mediated toxicity. This raises a concern for patients with

colitis-associated CRCs and should be further investigated.
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Introduction

Immune-checkpoint molecules (ICMs) such as pro-

grammed cell death protein-1 (PD-1) are increasingly being

recognized to play a pivotal role in the tumour-mediated

suppression of T-cells that facilitates tumour escape from

the immune system. Therapeutic antibodies against PD-1

have recently been successfully implemented in the treat-

ment of malignant melanoma,1 resulting in better survival

rates, for example in treatment-refractory malignant mela-

noma patients.2 In addition, PD-1 blockade has also been

approved for a variety of cancers, including non-small-cell

lung carcinoma, bladder cancer and head and neck cancer.

Also, PD-1 blockade has been tested in colorectal cancer

(CRC),3,4 where a phase I study resulted in a complete

response in one CRC patient,5 and recently the FDA

approved the combination of nivolumab and ipilimumab

(2018) in metastatic CRC with genetic features such as mis-

match repair deficiency or high microsatellite instability.

The reported complications of anti-PD-1-induced colitis6–8

raise important concerns regarding dysimmune toxicity in

relation to anti-tumour efficacy. The risks of accelerating

co-existing inflammatory conditions have not been fully

elucidated and could potentially be investigated in mouse

models of inflammation-induced cancer. Such studies

could reveal the efficacy of anti-PD-1 treatment in addition

to potential immune-mediated toxicities in this colitis-as-

sociated cancer (CAC) type.

Administration of the carcinogen azoxymethane

(AOM) together with the inflammatory agent dextran
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sulphate sodium (DSS) is an established model of CAC

(reviewed in Ref. 9). In this model, the association

between ulcerative colitis and the increased development

of colorectal dysplasia is reflected.

In most studies, PD-1 expression on T-cells has been

investigated in cells from the spleen and regional lymph

nodes, such as conventional CD4+ and CD8ab TCRab
cells. However, the expression of PD-1 and other ICMs

on non-conventional T-cells such as TCRcd cells and the

mesenteric lymph node (MLN) CD8aa TCRab cells is

also of interest and has not been extensively investigated.

Furthermore, the small and large intestines house a vari-

ety of additional T-cell subsets, which in a cancer setting

might be prone to tumour PD-L1-mediated suppression

or suppression through other ICMs. This may be particu-

larly true for intraepithelial lymphocytes (IELs) near the

epithelial cells, from which colorectal adenocarcinoma

originates. In mice, these include conventional CD4 or

CD8ab IELs that express TCRab, and unconventional

IELs expressing CD8ab and either TCRcd or TCRab.10

While the role of classical TCRab T-cells is well under-

stood in relation to chronic inflammation and tumour

immunology, the role of TCRcd T-cells and CD8aa
TCRab T-cells, as well as their expression of ICMs, is less

understood.

Thus, a detailed analysis of both TCRab and TCRcd
subsets and changes in mucosal and systemic immune

compartments may provide new insight into the

immunopathology of this CAC model.

Although the role of PD-1 in T-cell suppression has

been well described,11,12 the discovery of new ICMs is

ongoing. T-cell immunoreceptor with Ig and ITIM

domains (TIGIT) and Herpes virus entry mediator

(HVEM) may be novel candidates for T-cell suppression.

TIGIT has been shown to be overexpressed on CD8+
tumour-infiltrating lymphocytes (TILs).13 These TILs

exhibited increased function after TIGIT and PD-1 block-

ade,13 and were subsequently shown to elicit tumour

rejection in mouse models.14 Similarly, HVEM has been

shown to act as an ICM. For example, BTLA expressed

on dendritic cells was recently shown to bind HVEM on

T-cells and upregulate forkhead box P3 (FOXP3),15

thereby inducing T-cell tolerance. Thus, the involvement

and regulation of ICMs such as PD-1, TIGIT and HVEM

in a more comprehensive panel of T-cell subsets during

the initiation of chronic colitis and in relation to inflam-

mation-induced CRC have not yet been described.

Because PD-1 signalling is usually thought to be the result

of increased PD-L1/PD-L2 expression in tumours, it is

also of interest to investigate if PD-1 upregulation is the

result of the chronic inflammation per se, which could be

an additional mechanism that drives inflammation-in-

duced cancers.

Considering the clinical interest in anti-PD-1 treatment

in different types of cancer, it is important to investigate

whether this treatment is feasible in a highly inflamma-

tory tumour environment. Anti-PD-1 therapy could

potentially exacerbate the chronic mucosal inflammation

seen after several cycles of DSS treatments. Moreover, to

understand the regulation of PD-1 in chronic inflamma-

tion and to comprehensively describe the mode of action

of anti-PD-1 treatment, it is relevant to investigate PD-1

expression in a larger repertoire of T-cell subsets. Here,

we investigated the changes in T-cell subsets, such as

CD4 and CD8ab TCRab cells, TCRcd cells and CD8aa
TCRcd or TCR ab cells in the spleen, MLNs, and IELs in

small and large intestines during the development of

chronic colitis. We also analysed the expression of PD-1,

TIGIT and HVEM on these T-cells. In addition, we inves-

tigated the effect of anti-PD-1-antibody blockade in the

AOM/DSS mouse model.

Materials and methods

Establishment of the AOM/DSS model

Forty C57BL/6 wild-type age-matched (10–12 weeks)

female mice (Taconic, Lyngby, Denmark) were used for

this study. Thirty mice were injected intraperitoneally

(i.p.) with 7�4 mg/kg AOM, and 10 mice served as

untreated healthy controls. The AOM-injected mice were

further subdivided into three groups of 10 mice.

1 The first group was given one cycle of 3% DSS in their

drinking water in week 2 for 7 days and killed in week

4, 1 week after the end of the first DSS cycle.

2 The second group was given two cycles of 3% DSS for

7 days in weeks 2 and 5, and killed in week 7, 1 week

after the end of the second DSS cycle.

3 The third group was given three cycles of 3% DSS for

7 days in weeks 2, 5 and 8, and killed in week 10,

2 weeks after the end of the third DSS cycle.

All mice were killed by cervical dislocation, and the

number of macroscopic colonic tumours that had devel-

oped in the third group was analysed. All mice were

housed in ventilated cages in a pathogen-free animal

facility (Panum Instituttet, University of Copenhagen)

with ad libitum access to water and standard rodent diet.

The mice were maintained under controlled temperature

(22 � 2°) and a 12-hr light/dark cycle.

Colonoscopy

To follow the onset of tumour development, mice were

anaesthetized with isoflurane prior to DSS administration,

and after each DSS cycle during weeks 4, 7 and 10. In a

separate cohort of mice, colonoscopies were performed

using the Coloview mini-endoscopic system (Karl Storz,

Tuttlingen, Germany) in accordance with the protocol

from Becker et al.16 The murine endoscopic index of
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colitis severity (MEICS) was used as described in the

same protocol,16 with a maximal score of 15. Colono-

scopy pictures are shown as Fig. S1 to demonstrate kinet-

ics of tumour development, but the mice analysed in the

analysis described in the manuscript did not undergo

colonoscopy.

Anti-PD-1 treatment

Twenty age-matched (10–12 weeks) female C57BL/6 mice

(Taconic, Lyngby, Denmark) were injected i.p. with

7�4 mg/kg AOM, followed by three cycles of 3% DSS in

their drinking water for 7 days in weeks 2, 5 and 8. The

mice were divided into two groups of 10 and co-housed

to minimize any possible cage effects. Starting at week 6

and until death, the mice were injected i.p. twice a week

with either anti-mouse PD-1 antibody (100 lg/200 ll;
Bio X Cell, NH, USA) or a mouse IgG1 isotype control

antibody (100 lg/200 ll; Bio X Cell, West Lebanon, NH)

for a total of 10 injections. All mice were killed in week

10, 2 weeks after the end of the third DSS cycle, and

macroscopic colonic tumours were analysed in a blinded

setup.

Cell isolation and flow cytometry

Cells from MLNs and spleens were isolated by aseptically

squeezing the fresh organs in phosphate-buffered saline

(PBS) through a 70-lm cell strainer. IELs from the full-

length colon and terminal ileum were obtained from

either AOM/DSS-treated tumour-bearing mice or control

mice without tumours, whereas the number of obtained

cells did not allow isolation from tumour versus non-tu-

mour tissue in the tumour-bearing mice. Colon and ter-

minal ileum were handled separately by cutting the

intestine into small pieces, which were suspended in

warm (37°C) PBS with 2 mM EDTA for 15 min. After

incubation, the intestinal segments were vigorously sha-

ken and then filtered through a 70-lm cell strainer as

described in Ref. 17 Cells were washed in PBS prior to a

30-min staining with antibodies for flow cytometry. The

analysis was performed using a BD LSRFortessa flow

cytometer (BD Biosciences, San Jose, CA) at the Core

Facility for Flow Cytometry, Faculty of Health and Medi-

cal Sciences, University of Copenhagen. Data were anal-

ysed using the FlowJo software (Treestar, Woodburn,

OR). For colon IELs we used the following gating strat-

egy: first cells were gated on a lymphocyte gated based on

FSC/SSC, and this was followed by a singlet gate. CD3-

positive cells were then gated on TCR-b and TCR-cd
cells. TCR-cd cells were further gated on CD8aa cells,

and TCR-b cells were gated on CD4 cells, CD8ab and

CD8aa cells. In each population of cells, surface markers

were analysed as described. A similar approach was used

for other organs.

Antibodies for flow cytometry

The following antibodies against mouse were used for the

flow cytometry analysis: BV510-A anti-CD3, BV605-A

anti-CD4, Alexa-Fluor-488-A anti-CD8a, BV650-A anti-

CD8b, BV421-A anti-TCRcd, BV-711-A anti-TCRb, PE-
Cy7-A anti-CD271 (PD-1), APC-A anti-CD270 (HVEM)

and PE-A anti-TIGIT (Vstm3). Viability dye 7-AAD was

used to exclude dead cells in the analyses. All antibodies are

commercially available from BioLegend (San Diego, CA).

RNA extraction and quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

Colonic tissue harvested from wild-type mice was stored

in RNAlater prior to RNA extraction. Total RNA was

extracted using a mirVana miRNA Isolation Kit

(Ambion/Life Technologies, Waltham, MA) following the

manufacturer’s protocol. RNA quality was assessed with

an Agilent Bioanalyzer (Agilent Technologies, Carpenteria,

CA). For real-time RT-PCR, first-strand cDNA was syn-

thesized from 1 lg of total RNA in a total volume of

20 ll using a RevertAidTM H Minus First Strand cDNA

Synthesis Kit (Fermentas GmbH, Leon-Rot, Germany) in

accordance with the manufacturer’s protocol with minor

modifications. A poly (dT) oligomer (Fermentas) was

used as a primer. PCR primer pairs were selected using

the PrimerBank resource: PDL-1: ID11230798a1; PDL-2:

ID10946740a1 and PSMB6: ID26347247a1. Real-time

PCR was performed using a LightCycler 480 system

(Roche, Basel, Switzerland) as described previously.18

Statistics

To determine the significance of difference from the

untreated control group, Student’s t-test was performed.

P-values < 0�05 were considered statistically significant.

Ethical considerations

All experimental protocols were approved by the Danish

Veterinary and Food Administration, Ministry of Envi-

ronment and Food of Denmark, and performed according

to the Danish guidelines.

Results

Tumour development can consistently be detected 6–
8 weeks after AOM injection and administration of 2–3
cycles of 3% DSS. The development of endoscopic equip-

ment for small animals has enabled the study of early

tumour development time points as well as the monitoring

of tumour development in individual animals over the

course of an experiment without the need for killing the

animals. In order to demonstrate kinetics of tumour
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development, we show colonoscopy images from a separate

cohort of mice (Fig. S1). Most recently, methods for in vivo

imaging have been applied to several other tumour models

in rodents.19 However, for the AOM/DSS mouse model,

reliable markers have not yet been reported.

Analysis of T-cell subpopulations during chemically
induced colitis

The major aim of the present study was to characterize in

more detail T-cell subsets during the course of chronic

colitis and CAC. Thus, the frequencies of TCRab and

TCRcd CD3+ T-cells, and the frequencies of CD4+,
CD8aa+ and CD8ab+ T-cell subsets were analysed in the

IELs of the colon and terminal ileum, and in the spleen

and MLNs.

In colonic IELs, we found that the total CD3, TCRcd
and TCRab were increased at an early time point (week

4), and CD4 TCRab cells were massively increased,

whereas CD8ab TCRab, CD8aa TCRab and TCRcd cells

were only slightly decreased at certain time points

(Fig. 1). In IELs of the ileum, CD8aa TCRcd cells were

transiently decreased but increased in the late phase of

colitis (Fig. 2). CD8aa and CD8ab TCRab cells were

similarly increased in the late phase of colitis, whereas

other subsets were unchanged during colitis (Fig. 2).

In the spleen, total CD3+ T-cells declined during colitis

development, accompanied by a decrease in CD8ab and

total TCRab T-cells. By contrast, a transient increase in

TCRcd cells was observed, and a gradual increase in CD4+
TCRab T-cells was evident (Fig. S2). In MLNs, no change

in TCRcd cells was observed, whereas the changes of the

other subsets were the same as those observed for spleen

cells (Fig. S3). In addition, an increase in CD8aa TCRab
cells was noted in the late phase of chronic colitis (Fig. S3).

Upregulation of markers, including PD-1

Our next aim was to study in detail the expression of

ICMs on the various T-cell subsets. For all T-cell subsets

analysed, we investigated the expression of PD-1, TIGIT

and HVEM over the course of AOM/DSS-induced

chronic colitis and CAC. However, TIGIT expression was

generally not observed. In the spleen, the expression levels

of PD-1 were increased at a late time point in TCRcd
cells but less so in TCRab cells, whereas HVEM was

increased at late time points in TCRab cells but not in

TCRcd cells (Fig. S4). In MLN cells, a similar pattern was

observed, but HVEM was also upregulated in CD4

TCRab cells at late time points, and alterations in PD-1

expression were minor (Fig. S5). In general, the expres-

sion levels of HVEM were higher than of PD-1 in the

spleen and MLNs.

By contrast, in colonic IELs, PD-1 expression was

greater than that of HVEM and significantly increased to

reach its highest levels at week 10, at which point estab-

lished colonic tumours were evident in all mice (Fig. 3).

Conversely, changes in HVEM were minor. The same

pattern was observed in ileal IELs for all subsets analysed

(Fig. 4). However, PD-1 expression declined after week 7

in all analysed IELs of the ileum (Fig. 4).

Expression of PD-1 ligands

The mRNA expression levels of PDL-1 and PDL-2 in the

distal colon at different time points during the AOM/DSS

treatment were investigated. Following normalization to

the proteasome subunit beta type-6 (PSMB6) housekeep-

ing gene, it was found that PDL-1 expression increased

almost twofold in week 4 and week 7 (Fig. 5a). However,

statistical significance was only evident in week 7. Fur-

thermore, in week 10, when all mice developed chronic

colitis and tumours, PDL-1 expression in non-tumour

areas decreased to baseline levels. Interestingly, while PD-

L1 expression was lower at week 10 than at weeks 4 and

7, it tended to be expressed more in tumour tissues than

non-tumour areas from the same mice, although this was

not statistically significant.

PDL-2 showed the same tendency, with the highest sig-

nificant increase observed in week 7 (Fig. 5b). Although

the expression of PDL-2 mRNA was much lower than

that of PDL-1 and typical for a low copy number tran-

script, colonic PDL-2 expression remained significantly

elevated at all stages during the AOM/DSS treatment. In

contrast to PDL-1 at the tumour stage, PDL-2 expression

remained significantly higher in non-tumour areas than

the untreated control mice. In addition, tumours showed

higher PDL-2 mRNA expression than non-tumour areas.

The effect of PD-1 blockade in the AOM/DSS tumour
model

Finally, we investigated whether anti-PD-1 antibody

administration at the onset of tumour development could

potentially inhibit or abolish tumour progression. Mice

were injected i.p. twice a week with 100 lg of an anti-

PD-1 or isotype control antibody during the second half

of the AOM/DSS 10 week model. Compared with the iso-

type control, anti-PD-1 antibody administration did not

have any appreciable effect (Fig. 6a) on either total

tumour numbers or tumour size (Fig. 6b). The anti-PD-1

treatment did, however, potentiate weight loss during the

third DSS cycle (Fig. 6c). Interestingly, anti-PD-1 admin-

istration reduced the variation in tumour numbers

between the mice compared with the control groups.

Discussion

The importance of T-cells and immune-checkpoints has

been increasingly recognized in tumour immunology.
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Here, we investigated the mucosal and systemic changes

in CD4+ and CD8+ T-cell subsets, and analysed the

expression of PD-1, HVEM, TIGIT, PD-L1 and PD-L2 in

the AOM/DSS model. Furthermore, we investigated the

effects of PD-1 antibody blockade in a highly inflamed

setting during CAC development.

T-cell subpopulations during DSS-induced colitis

In the present work, we performed a detailed analysis of

TCRab CD4+ and CD8+ T-cell subsets and TCRcd cells

in various immune compartments. In colonic IELs,

AOM/DSS-induced inflammation resulted in an increase

50
*

Colon

80

60

40

20

0

40

30

20

10

0

%
 C

D
3+

 c
el

ls
 o

f l
ym

ph
oc

yt
es

%
T

C
R

-γ
δ+

 c
el

ls
 o

f C
D

3+
 c

el
ls

%
 T

C
R

-β
+

 c
el

ls
 o

f C
D

3+
 c

el
ls

25

20

15

10

5

0

80

60

40

20

0

50

40

30

20

10

0

40

30

20

10

0

80

(g)

60

40

20

0

Unt
re

at
ed

AOM
/D

SS, w
4

AOM
/D

SS, w
7

AOM
/D

SS, w
10

Colon

**

****

*

****

**
*

* *

*

**** ****
****

*

Unt
re

at
ed

AOM
/D

SS, w
4

AOM
/D

SS, w
7

AOM
/D

SS, w
10

Unt
re

at
ed

AOM
/D

SS, w
4

AOM
/D

SS, w
7

AOM
/D

SS, w
10

Unt
re

at
ed

AOM
/D

SS, w
4

AOM
/D

SS, w
7

AOM
/D

SS, w
10

Unt
re

at
ed

AOM
/D

SS, w
4

AOM
/D

SS, w
7

AOM
/D

SS, w
10

Colon Colon

Colon Colon

Colon

%
 C

D
8α

α+
 c

el
ls

 o
f T

C
R

-γ
 δ

 c
el

ls
%

 C
D

4+
 c

el
ls

 o
f T

C
R

β 
ce

lls

%
 C

D
8α

β+
 c

el
ls

 o
f %

 o
f T

C
R

-β

%
C

D
8α

α+
 c

el
ls

 o
f T

C
R

-β
 c

el
ls

(e) (f)

(b)

(d)

(a)

(c)

Unt
re

at
ed

AOM
/D

SS, w
4

AOM
/D

SS, w
7

AOM
/D

SS, w
10

Unt
re

at
ed

AOM
/D

SS, w
4

AOM
/D

SS, w
7

AOM
/D

SS, w
10

Figure 1. Flow cytometry analysis of isolated

mouse colonic intraepithelial lymphocytes

(IEL) subsets during dextran sulphate sodium

(DSS)-induced colitis. (a) % CD3+ cells of iso-

lated colon IELs. (b) CD3+ cells were gated,

and TCRcd expression was measured. (c)

TCRcd+ cells were gated, and CD8aa expres-

sion was measured. (d) CD3+ cells were gated,

and TCRab expression was measured. (e)

TCRb+ cells were gated, and CD4 expression

was measured. (f) TCRb+ cells were gated, and

CD8ab expression was measured. (g) TCRb+
cells were gated, and CD8aa expression was

measured. Each circle represents an individual

mouse (n = 10), and the mean is shown. Sta-

tistical analysis was performed using Student’s

t-test, *P < 0�05, **P < 0�01, ***P < 0�001.
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in total CD3+, TCRcd and TCRab cells, including a mas-

sive increase in CD4+ TCRab cells, but moderate changes

in CD8ab TCRab and CD8aa TCRab/TCRcd cells. This

indicates a pivotal role for CD4+ T-cell recruitment in

regulating various parts of the mucosal immune response

during acute and chronic DSS-induced colitis. On the

other hand, TCRcd and CD8+ IELs of various subtypes

are preexisting and present in sufficient numbers as part

of the early innate immune system to maintain mucosal

surveillance. Nonetheless, their function might potentially
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Figure 2. Flow cytometry analysis of isolated

mouse ileal intraepithelial lymphocyte (IEL)

subsets during dextran sulphate sodium (DSS)-

induced colitis. (a) % CD3+ cells of isolated

ileal IELs. (b) CD3+ cells were gated, and

TCRcd expression was measured. (c) TCRcd+
cells were gated, and CD8aa expression was

measured. (d) CD3+ cells were gated, and

TCRab expression was measured. (e) TCRb+
cells were gated, and CD4 expression was mea-

sured. (f) TCRb+ cells were gated, and CD8ab
expression was measured. (g) TCRb+ cells

were gated, and CD8aa expression was mea-

sured. Each circle represents an individual

mouse (n = 10), and the mean is shown. Sta-

tistical analysis was performed using Student’s

t-test, *P < 0�05, **P < 0�01, ***P < 0�001.
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be regulated by the massive influx of CD4+ T-cells. Our

findings in ileum IELs confirmed that CD8+ cells of vari-

ous subtypes were primarily recruited in the late chronic

phase. At the systemic level, CD4+ T-cells from the spleen

and MLNs were also the major T-cell population expand-

ing in number at the early stage of inflammation.

Analysing ICMs may reveal novel insights into the

functional role of CD8+ IELs during acute and chronic

inflammation. Here, we analysed PD-1, HVEM and

TIGIT expression on all of the above T-cell subsets.

Whereas HVEM and TIGIT expressions were not mark-

edly changed, PD-1 expression increased dramatically in

all IEL T-cell subsets analysed. Importantly, this may

indicate that the functional capacity of IELs in the colon

is reduced as a result of the chronic inflammation, which

may have implications for mucosal immune surveillance

of gut infections and potentially local immune surveil-

lance of developing cancer cells from the colonic epithe-

lium.20,21 It can be speculated that PD-1 is upregulated

on the T-cells as a self-protective mechanism induced by

the emerging cancer cells, especially considering the early

upregulation of both PD-L1 and PD-L2 mRNA levels in

the colon. However, it cannot be excluded that the

chronic inflammation per se affects the regulation of PD-
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1 in an attempt to contain the excessive damage. PD-1

was indeed initially discovered as a protective response

from the host during chronic viral infections in order to

avoid excessive immunopathology responses to the

chronic antigen load.22 Our data clearly show that the

chronic inflammation resulting in CAC development

leads to massive PD-1 upregulation in IELs. As such

upregulation occurs on different CD4 and CD8 subsets

altogether, this may reflect functional reduced capacity in

both the early protective mechanisms of the innate lym-

phocyte repertoire (e.g. TCRcd cells), as well as in the

capacity to mount an anti-tumour T-cell response on the

long term in the adaptive immune system (e.g. TCRab
CD4+ and CD8+ T-cells). Ultimately, this inhibits the

immune capacity for pathogenic clearance and tumour

immunosurveillance. Thus, PD-1 upregulation of IELs

might add to existing theories of inflammation-induced

cancers in the mucosal epithelium.

Anti-PD-1 intervention study

In our AOM/DSS model, the upregulation of PD-1 in the

examined T-cells, particularly the strong upregulation in

IELs of the colon, led us to examine therapeutic interven-

tion with anti-PD-1 antibody. Along with the prospective

anti-tumour effect, we wanted to explore potential treat-

ment-related toxicities and determine whether blocking

PD-1 in a DSS-induced colitis regime could exacerbate

the inflammatory response. Administering anti-PD-1

twice a week throughout the last 5 weeks of the AOM/

DSS model did not affect the total tumour count or

tumour size. This lack of efficacy could be related to a

low impact of PD1 blockade on gut immunotoxicity in

mice in general, in contrast to what is observed in

humans treated with various immune-checkpoint inhibi-

tors in the clinic. Another possible explanation could be

the lack of any increase in infiltrating colonic CD8+ cyto-

toxic T lymphocytes at the late phase of inflammation. In

fact, there was a significant decrease in all CD8+ subsets

at the late phase compared with that in the untreated

mice. Combinatorial therapies with immune-modulating

compounds such as immunogenic cell death inducers and

vaccines might potentially solve this issue and enhance

tumour immunosurveillance. Indeed, a recent study has

demonstrated that the intra-tumoral immunoscore, which

is indicative of tumour-infiltration, is a strong indicator

of patient survival, exhibiting promising prognostic

potential.23

One could argue for initiating early immune-check-

point intervention by blocking PD-1 in the acute phase

for durable anti-tumour responses during DSS-induced

colitis. It is evident that the most dramatic increases in

T lymphocytes occur after the first DSS cycle at the early

phase of the intestinal inflammation. This also correlated

with the expression of PD-L1 and PD-L2, for which the

highest levels were observed in weeks 4 and 7, after the

first and second DSS cycles, respectively. Indeed, a very

interesting study in mice with DSS-induced colitis

demonstrated that blocking PD-L1 also had gut-protec-

tive effects, as anti-PD-L1 blockade clearly ameliorated

colitis through a shift from a Th17 to a Th1 interferon-

c response.24 On the other hand, one could argue that,
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considered statistically significant.
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in an acute and highly inflamed microenvironment, a

PD1 blocking strategy is not without serious risks, and

more explorative studies are required. Importantly and

in contrast to the above gut-protective effects of anti-

PD-L1, another study in PD-L1-deficient mice has

shown that parenchymal expression of PD-L1, and not

haematopoietic expression, promotes protection against

gut injury. This mechanism was proposed to be depen-

dent on innate immunity, more specifically the CD11c+
CD11b+ cells of the lamina propria, as PD-L1 interac-

tion with these cells was shown to suppress TNF-a and

promote IL-22 production.25 Indeed, our finding of

increased weight loss during PD1 blockade may suggest

increased inflammation and be in line with these find-

ings. In the clinic, unselected CRC patients have proved

to be rather refractory to checkpoint-blocking treatment.

Still, a subset with mismatch repair-deficient CRC

appears to be the exception.26 The resulting microsatel-

lite instability in the malignant cells in these patients

increases the mutational load and hence the tumour

immunogenicity, making these cells susceptible to PD-1

targeting. This is evident in MSI-high tumours that dis-

play a high density of tumour-infiltrating immune cells

together with an upregulation of PD-L1.27 Therefore, it

seems that a high level of somatic mutations correlates

with a positive treatment outcome. Indeed, tumours

with a higher mutational burden, such as melanoma and

non-small-cell lung carcinoma, are the most responsive

to such treatment.

Interestingly, during the third cycle of DSS, blocking

PD-1 did potentiate weight loss. This is most likely an

immune-mediated toxicity effect related to the antibody
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treatment. This is also evident in anti-PD1-induced colitis

biopsies from humans, where CD8+ T-cells were predom-

inant in the intestinal epithelium and lamina propria.28

Thus, a clinical concern could be the potential risk of

adverse events in patients with a preexisting autoimmune

disorder, such as IBD patients receiving checkpoint-block-

ing antibodies. This is especially relevant for patients with

autoimmune conditions that require immune-suppression

and patients with organ transplants. Together, our results

emphasize the challenges and major obstacles in making

immunotherapy a cornerstone in CRC treatment. Cur-

rently, many clinical trials of gastrointestinal and CRC

immunotherapies are ongoing (listed in Refs 29,30 which

could offer new successful combination strategies with

more curative potential for CRC patients.

In conclusion, we found a significant upregulation of

PD-1 on all the examined IELs of the colon and the ileum.

Especially for the IELs of the colon, PD-1 upregulation

showed a correlation with the severity of inflammation

and tumour load, reaching its highest levels after the third

cycle of DSS administration. Interestingly, we observed

HVEM upregulation in the conventional T-cell subsets of

both the spleen and MLNs during chronic inflammation.

This increase is suggested to be involved in the inhibition

of the ability of gut-homing effector CD8+ T-cells to erad-

icate established cancer cells. Although PD-L1 and PD-L2

expression was elevated throughout the AOM/DSS regime,

blocking PD-1 signalling with an anti-PD1 antibody did

not affect the tumour burden in the antibody-treated mice

but did potentiate weight loss. Thus, more therapeutic

interventions with anti-PD-1 antibodies are needed to rule

out any practicalities affecting treatment efficacy, such as

the concentration, optimal treatment onset and frequency

of antibody administration.
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