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Abstract
Immune checkpoint inhibitors have shown clinical benefit in several cancer entities including metastatic
microsatellite instable colorectal carcinomas. However, for the majority of metastatic colorectal carcinomas the
potential and limitations of immune checkpoint inhibition is not fully understood. In this study, the effects of sole
and dual CTLA-4 and PD-L1 blockade were investigated in a microsatellite stable highly aggressive orthotopic
mouse model of colon cancer. Dual CTLA-4 and PD-L1 inhibition resulted in tumor growth stagnation and
completely blocked liver metastasis. Sole CTLA-4 and PD-L1 inhibition only moderately reduced metastatic spread
of the colon cancer cells, though CTLA-4 blockade being superior to PD-L1 inhibition. Dual immune checkpoint
blockade and sole CTLA-4 inhibition significantly increased intratumoral CD8+ and CD4+ T cells and reduced
FOXP3+/CD4+ Treg cells. This was associated with increased expression levels of the pro-inflammatory Th1/M1-
related cytokines IFN-γ, IL-1α, IL-2, and IL-12. Moreover, tumors treated with combined immune checkpoint
blockade showed the strongest increase in intratumoral iNOS+ macrophages, reduction of PD-L1+ and Tie2+
macrophages and the lowest expression of M2/Th2-related IL-4, TARC and COX-2. The assessment of further
microenvironmental changes by DCE-MRI and immunohistology revealed no alterations in functional tumor
vascularization upon combined immune checkpoint blockade, but a significant increase in intratumoral fibroblasts
and collagen I deposition. Thus, the synergistic inhibitory effects of dual immune checkpoint inhibition can be
explained by anti-tumorigenic T cell responses mediated by CTLA-4 inhibition and M1 macrophage polarization
predominantly induced by PD-L1 blockade. This was accompanied by pronounced fibroblast activation
highlighting the interconnection between immunogenicity and desmoplasia.

Neoplasia (2019) 21, 932–944
cknowledgements: Funding: This work was supported by the Interdisciplinary
entre for Clinical Research within the faculty of Medicine at the RWTH Aachen
niversity [grant numbers No O3-9 and O3-1] and by the Deutsche
rschungsgemeinschaft (DFG) in the framework of the Research Training Group
75 “Tumor-targeted Drug Delivery” grant 331065168. We acknowledge Gremse-IT
mbH for providing the software Imalytics Preclinical 2.0.
isclosure and conflict of interest: The authors declare no conflicts of interest.
ceived 22 February 2019; Accepted 17 July 2019

2019 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This
an open access article under the CC BY-NC-ND license (http://creativecommons.
g/licenses/by-nc-nd/4.0/).
76-5586
tps://doi.org/10.1016/j.neo.2019.07.006

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2019.07.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neo.2019.07.006


In
C
co
40
[2
m
[2
im
[4
m
co
co
[2
ne
co

be
an
bl
re
re
ac
re
st
po
cr
pr
it

ex
in
C
of
re
sh
ac

pr
th
pe
to
pr
is

m
st
de
of
re
P
A
th
C
co

m
in
st
th

ca
th
ta
th
tu
es
w
tu
tr
an
C
on
in
m
Lo
va
th

M

C

M
FB
5%
B
co
ne

O

C
m
un
pr
in
si
tu
ic
pi
an
bo
su
Fo
is
Su
ex
ca
cl
io
(B
to
m

St

an
af

Neoplasia Vol. 21, No. 9, 2019 Inhibition of colon cancer progression by dual immune checkpoint blockade Fiegle et al. 933
troduction
olorectal cancer (CRC) is the third most common type of cancer [1]
unting more than 1.3 million new cases per year worldwide.
–50% of patients with colorectal cancer die from distant metastases
]. In the last two decades median overall survival of patients with
etastatic CRC (mCRC) has increased from 18 up to 30 months
,3]. This was mainly due to improved chemotherapy, the
plementation of targeted therapies (VEGF and EGFR inhibitors
]) and improvements in surgical management (resection of liver
etastases) [2]. Nevertheless colorectal cancer remains the third-most
mmon cause of cancer-related deaths [1] and metastatic stage of
lorectal cancer still decreases the overall 5-year survival rate to 10%
]. New therapeutic strategies and combinations of drugs are sorely
eded to further improve overall survival of patients with metastatic
lorectal cancer.
Immune checkpoint inhibitors have shown considerable clinical
nefit in several cancer entities and are approved for some late-stage
d metastatic cancers, e.g. melanoma, non-small cell lung cancer and
adder cancer [4,5]. Checkpoint inhibitors modulate the immune
sponse and enhance endogenous anti-tumor activity by blocking
ceptors on T cells or other cells that inhibit T-cell activity [6]. T-cell
tivation is initiated through antigen recognition by the T-cell
ceptor. The amplitude of T-cell activation is regulated by co-
imulatory and inhibitory signals (the so called immune check-
ints). The balance between co-stimulatory and inhibitory signals is
ucial for effective immunity, peripheral immune tolerance and
eventing autoimmunity [7]. Different immune checkpoint inhib-
ors are used in (pre)-clinical research and treatment.
Cytotoxic T-lymphocyte associated antigen 4 (CTLA-4) is
pressed on T cells to regulate T-cell activation by transmitting
hibitory signals to T cells. CTLA-4 binds to CD80 (B7–1) and
D86 (B7–2) on antigen-presenting cells and counteracts the effects
the co-stimulatory protein CD28. CTLA-4 predominantly down-
gulates T-cell activation and response [8]. CTLA-4 blockade was
own to inhibit tumor progression by up-regulating effector T-cell
tivity and suppressing regulatory T cells (Treg cells) [6,9].
Programmed death-ligand 1 (PD-L1, B7-H1, CD274) binds to
ogrammed cell death protein 1 (PD-1) or CD80. The major role of
e PD-1/PD-L1 pathway is to limit the activity of T cells in
ripheral tissues during the inflammatory response to infection and
restrain autoimmunity. PD-L1 is expressed on T cells, antigen
esenting cells (dendritic cells and macrophages) and tumor cells and
up-regulated upon activation [10].
Promising results have been obtained for anti-PD-1 therapy in
icrosatellite instable/ mismatch-repair-deficient mCRC. A phase II
udy evaluating PD-1 blockade in tumors with mismatch-repair
ficiency reported an immune-related progression-free survival rate
78% for mismatch-repair-deficient CRC and 11% for mismatch-
pair-proficient CRC, respectively [11,12]. The PD-1 inhibitor
embrolizumab was approved by the US Food and Drug
dministration in 2017 for treatment of metastatic solid tumors
at are microsatellite instable or mismatch-repair-deficient, including
RC [13]. However, for therapy of microsatellite stable metastatic
lorectal cancer, alternative approaches are required.
In pre-clinical research using subcutaneous (s.c.) colon cancer
odels, dual checkpoint blockade or the combination of a checkpoint
hibitor with other immune-modulatory therapies (e.g. vaccination
rategies or anti-IL-6 or anti-IL-21 antibodies) significantly increased
e anti-tumorigenic response [14–16]. However, the use of s.c. colon
ncer models is disadvantageous for evaluating immune therapy as
e immune microenvironment significantly differs between subcu-
neous and gastrointestinal tissue [17]. Moreover, the effects of
erapeutic agents on metastasis cannot be evaluated in subcutaneous
mors, because they hardly metastasize at all. We have previously
tablished an orthotopic xenograft model of murine colon cancer,
hich metastasizes to the liver to investigate the effects of anti-
morigenic agents in a clinically more relevant setting [18]. We have
ansferred this highly aggressive orthotopic model to syngeneic mice
d investigated the effects of the immune checkpoint inhibitors anti-
TLA-4 and anti-PD-L1, which have different mechanisms of action
the immune cells. The effects of the immune checkpoint

hibitors on tumor progression and metastasis were analyzed as
onotherapies, respectively, as well as in combination therapy.
ngitudinal in vivo MR-measurements of tumor growth and
scularization were complemented by ex vivo analyses to explore
e microenvironmental changes.

aterial and Methods

T26 Cell Line

CT26 murine colon carcinoma cells were cultivated in Dulbecco's
odified Eagle's Medium (DMEM, Gibco) supplemented with 10%
S (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 °C and
CO2. The CT26 cell line was originally generated by exposing

ALB/c mice to N-nitroso-N-methylurethane (NNMU) and is
nsequently syngeneic in BALB/c mice [19]. The cells were tested
gative for mycoplasma by Hoechst stain and PCR.

rthotopic Murine Colon Cancer Model (CT26)
All animal studies were approved by the Governmental Review
ommittee on Animal Care. Six- to eight-week-old female BALB/c
ice were purchased from Janvier. A two-step process was
dertaken to induce orthotopic syngeneic colon tumors as described
eviously [18,20]. In the first step 1 × 106 CT26 tumor cells were
oculated subcutaneously into the right flank of mice. At a tumor
ze of approximately 500 mm3, donor mice were sacrificed. The
mors were harvested, cut into 1–2 mm3 fragments and stored in
e-cold PBS. Necrotic areas were discarded. In a second step, tumor
eces were implanted orthotopically as described by Hoffman et al.
d Abou-Elkacem et al. [18,20]. For analgesia, carprofen (5 mg/kg
dy weight) was administered to the mice subcutaneously before
rgery and every 12 hours after surgery for a total duration of 4 days.
r surgical orthotopic implantation, mice were anesthetized with
oflurane (1.5%). The abdomen was shaved and disinfected.
bsequently a 5 mm laparotomy was conducted. The caecum was
posed and a tumor fragment was implanted below the serosa. The
ecum was returned in the abdomen and peritoneum and skin were
osed by suture. Wound-healing was supported with povidone-
dine cream (B. Braun Melsungen AG) and wound-healing spray
eiersdorf AG Hansaplast). Mice that underwent surgery were able
recover for 4 days before initiation of the therapies and

easurements.

udy Design and Therapies
In total, 25 mice with orthotopic colon tumors were included for
alysis of the treatment effects (Supplementary Figure S1). On day 4
ter tumor implantation, mice were randomly divided into 4
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perimental groups comprising at least 6 animals each and treatment
as initiated. In the control group, mice received intraperitoneal (i.p.)
jections of isotype control IgG antibodies (10 mg/kg body weight of
lyclonal Syrian hamster IgG, BioXCell, and 10 mg/kg of rat IgG2b,
ioXCell). The second and third group were treated i.p. with anti-
ouse-CTLA-4 (10 mg/kg body weight, BioXCell, Clone:9H10) or
ti-PD-L1 antibodies (10 mg/kg body weight, BioXCell, Clone:
F.9G2, rat IgG2b), respectively. The fourth group received a
mbination of anti-CTLA-4 and anti-PD-L1 antibodies (both 10
g/kg bodyweight, i.p.). Antibodies were applied on day 4, 7, 10 and
post-tumor implantation (p.i.). To determine tumor volume and
scularization, T1/T2-weighted and DCE-MRI imaging was
rformed on day 4, 7, 11 and 14 with a preclinical 1 T MR scanner
ruker ICON). On day 14 all mice were euthanized. Orthotopic
mors and livers were resected and cryoconserved for immunohis-
chemistry. Livers were surveyed macroscopically for metastases.

R Measurements
For MR measurements mice were anesthetized with isoflurane
.5%). A closed water heating system was implemented in the mouse
d in order to keep the temperature constant at 37 °C. The eyes of
e mice were protected with eye ointment (Bepanthen, Bayer).
umors were localized by transversal T1-RARE sequences (repetition
me, TR = 579.021 ms; echo time TE = 12 ms; echo spacing = 12
s; rare factor = 2; flip angle = 90°; number of signal averages
SA = 8; field of view, FOV = 35 mm × 35 mm, matrix size = 256
256; slice thickness = 1.25 mm; voxel size = 0.137 mm × 0.137
m × 1.25 mm, time = 7 min 24 s 688 ms). Tumor volume was
easured using a T2- RARE sequence (TR = 1681.175 ms; TE = 84
s; rare factor = 8; excitation angle = 90°, refocusing angle = 180°;
SA = 8; FOV = 35 mm × 35 mm; matrix size: 192 × 192; slice
ickness = 1.25 mm; voxel size = 0.182 mm × 0.182 mm × 1.25
m; time = 5 min 22 s 785 ms). Tumor vascularization was assessed
dynamic contrast enhanced (DCE)-MR-measurements. In total,
sequential images were acquired per slice with a temporal

solution of 7.9 seconds, resulting in a total scan time of 10.53 min.
fter baseline measurements for approximately 2 minutes, 80 μl of
e MR contrast agent Gadomer 17 (in vivo Contrast, Berlin) was
jected slowly into a tail vein and a T1-Flash sequence (T1w
turation recovery gradient echo) was accomplished (TR = 118 ms,
E = 6 ms; NSA = 1, repetitions = 80; matrix size = 64 × 64; field
view = 30 mm × 30 mm; flip angle 30°; slice thickness = 1.25
m, voxel size = 1 mm × 1 mm × 1 mm). Tumor volume was
antified by encircling the tumor lesions in the T2-weighted images
each slice using Imalytics preclinical 2.0 (Gremse-IT GmbH,

achen) [21].
Tracer kinetic modeling was performed as described by Abou-
lkacem et al. [18,22]. The average signal per region was computed
d the resulting signal-to-time curves were analyzed using the
armacokinetic two compartment model of Brix and colleagues
3,24]. The provided parameter amplitude A relates to the relative
stribution volume of blood in the tumor. Phantom experiments
ere performed in advance to prove the linearity between applied
ntrast agent concentration and signal intensity.

munofluorescent Stainings
Immunofluorescent stainings were performed on 8 μm thick
ozen slices of the tumors as described [18,25]. Methanol and
etone were used to fix the tissue in all cases except for CD4/FOXP3
aining. CD4/FOXP3 staining was performed on formaldehyde-
xed tissue, which was permeabilized before the application of the
tibodies. Primary and secondary antibodies are provided in the
pplementary Methods. Images were obtained at an epi-
orescence microscope (Axio Imager.M2, Zeiss) equipped with a
gh-resolution camera (AxioCam MRm Rev.3, Zeiss) and the
xioVision SE64 Rel.4.9 software (Zeiss). Quantification was
rformed as described in the supplements using ImageJ 1.50i
ftware (National Institutes of Health).
nalysis of Cytokine mRNA Expression in Tumors
Sections (à 50 μm) from each tumor were collected and RNA was
tracted using the guanidine thiocyanate/CsCl method and the
urelink RNA Mini kit system (Invitrogen, Life Technologies) as
scribed [26]. Total RNA concentration was determined with the
anoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and
μg RNA per tumor sample were applied for cDNA synthesis using
perscript II reverse transcriptase and random hexamer primers
oth from Invitrogen), resulting in a total volume of 200 μl. For
dividual quantitative real-time (q)PCR, 5 μl of cDNA was
plified in a total volume of 25 μl using the SYBR Green™qPCR
perMix (Applied Biosystems, Life Technologies) and the Thermo-
cler CFX 96 touch (Bio-Rad). Relative levels of target mRNAs were
lculated using the comparative CT method [27] and normalized to
e expression of glyceraldehyde 3-phosphate dehydrogenase
APDH). The primers are listed in “Supplementary Methods”.
nalysis of Cytokine Expression in Tumors
The analysis of cytokine expression in tumors of the treatment
oups at the protein level was done using different ELISA kits.
ouse Th1/Th2 Uncoated ELISA (Invitrogen) was used to
termine the protein levels of IFN-γ, IL-2 and IL-4. IL-1α, IL-
, TGF-β, PDGF-BB, VEGF and COX-2 were measured with the
ouse IL-1 alpha/IL-1F1 DuoSet ELISA, Mouse IL-12 p70 DuoSet
LISA, Mouse TGF-β1 DuoSet ELISA, Mouse/Rat PDGF-BB
uoSet ELISA, Mouse VEGF DuoSet ELISA and Human/Mouse
otal COX-2 DuoSet IC ELISA, respectively (all from R&D
stems). TARC was determined with the Mouse CCL17/TARC
uantikine ELISA Kit (R&D Systems). For protein extraction,
rious sections (of 50 μm thickness) from each tumor were collected
d protein lysates were prepared using RIPA buffer (20 mM Tris–
Cl (pH 7.2), 150 mM NaCl, 2% (w/v) NP-40, 0.1% (w/v) SDS,
5% (w/v) sodium deoxycholate) and cOmplete™ Protease Inhibitor
ocktail (Sigma-Aldrich) [28]. The total protein concentration of
ch tumor sample was determined using the DC protein assay (Bio-
ad Laboratories GmbH). Equal amounts of total protein (50 μg)
ere diluted with ELISA-Buffer (ELISA/ELISPOT Diluent, Invitro-
n), or Reagent Diluent Concentrate 2 (R&D Systems), respective-
. Cytokine amounts were determined according to the
anufacturers' instructions.
tatistical Analysis
Statistical analyses were performed using the software GraphPad
rism 5.01 (GraphPad Software). Data were analyzed statistically
ing one-way ANOVA and Bonferroni multiple comparison post
c test (comparing the treatment groups to the control group) and
e presented as mean ± standard deviation. Statistical significance
b .05, P b .01, P b .001 is presented as *, **, or *** respectively.



Figure 1. Dual CTLA-4 and PD-L1 blockade inhibits CT26 colon cancer growth. A, growth curves of orthotopically implanted CT26 tumors
in mice that received IgG control, anti-CTLA-4, anti-PD-L1 antibodies or a combination of both (anti-CTLA-4 and anti-PD-L1), as determined
by MR measurements. B, mean tumor volumes at day 14 p.i. displayed as bar chart. C, representative T2-weighted MR images (first and
second column) and images of excised colon tumors at day 14 p.i. (third column) confirm the smallest tumor sizes upon dual immune
checkpoint blockade. Percentages of mice with liver metastases (fourth column) show inhibitory effects of immune checkpoint blockade
on metastases. Data are presented as mean ± standard deviation. *P b .05, **P b .01, ***P b .001. Scale bar: 1 cm.
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esults

ombination Therapy with Anti-CTLA-4 and PDL-1 Anti-
odies Inhibits Colon Cancer Growth and Blocks Liver
etastasis

The murine CT26 colon cancer cell line forms fast growing and
ghly vascularized tumors and the subcutaneous CT26 cancer model
frequently used for assessing the effects of therapeutic agents.
utational analyses showed that the cell line is microsatellite stable
d shows molecular characteristics of aggressive, undifferentiated,
eatment-refractory, and metastasis-prone human colorectal carci-
ma cells [19,29].
We have previously analyzed the effects of different anti-angiogenic
ugs on growth and metastasis of orthotopically implanted CT26
mors in nude mice [18]. Since immune checkpoint blockade has
ined increasing interest for the treatment of advanced metastatic
ncer, we transferred this model to syngeneic BALB/c mice and
aluated the effects of CTLA-4 and PD-L1 blockade as mono- and
mbination therapies.
All therapy regimens were well tolerated by the mice and no loss of
dy weight was measurable during the treatment period (Supple-
entary Figure S2).
Growth of the primary colon tumors was longitudinally
vestigated by T1 and T2-weighted MRI. Administration of either
ti-PD-L1 or anti-CTLA-4 antibodies as monotherapies inhibited
mor growth, leading to significantly reduced mean tumor volumes
day 14 post-injection (p.i.). Combined PD-L1 and CTLA-4

ockade exerted stronger inhibitory effects than the monotherapies,
gure 2. Sole CTLA-4 and dual CTLA-4 and PD-L1 blockade increa
uantification of the CD45+ and CD8+ area fractions (A), the CD4+ (C)
terations in the total leucocyte population after sole treatment with a
d anti-PD-L1 antibodies (A), but a significant increase in CD8+ (A)
tratumoral FOXP3+ Treg cells were reduced (C). All data are pr
*P b .001). Representative immunostainings for CD45 (B, green) and C
ctions from the different treatment groups at day 14 p.i. Counterstai
tumor growth almost stagnated upon therapy (d7 p.i.: P b .05,
1 and d14 p.i.: P b .001, Figure 1, A and B, exemplary MR
ages and images of excised tumors shown in C)).
As orthotopic CT26 tumor xenografts developed liver metastases
immunodeficient mice [18], we investigated the influence of the
erapies on metastasis in the syngeneic colon cancer model by
reening the livers macroscopically on day 14 p.i. after resection. In
e control group, 43% of mice presented with liver metastases. The
tio was reduced to 33% of mice with liver metastases by anti-PD-L1
erapy. In the anti-CTLA-4 treatment group, liver metastases were
und in 17% of the animals. In contrast, no liver metastases at all
ere detected after combination therapy with anti-CTLA-4 and anti-
D-L1 antibodies (Figure 1C).

ole CTLA-4 and Dual Blockade of CTLA-4 and PD-L1
creases Intratumoral CD4+ and CD8+ T Cells and Reduces
OXP3+ Treg Cells
To investigate the mechanisms of tumor growth inhibition by
mune checkpoint blockade, we analyzed the effects of the therapies
immune cells. Immunostaining and quantification of CD45

owed that the total amount of leucocytes was slightly higher in
mors of the anti-CTLA-4 monotherapy group and clearly lower in
mors of the anti-PD-L1 monotherapy group as compared to the
ntrol tumors. In tumors of the combination therapy group, the
ount of CD45-positive leucocytes was comparable to the control
mors (Figure 2A).
Analysis of different T cell subtypes revealed that CD8+ and CD4+
cells were significantly enhanced in tumors treated with anti-
se CD4+ and CD8+ T cells and reduce FOXP3+ Treg cells.
and the FOXP3/CD4 area fraction (C) at day 14 p.i. show no major
nti-CTLA-4 antibodies and combined treatment with anti-CTLA-4
and CD4+ T cells (C) as compared to control tumors, whereas
esented as mean ± standard deviation (*P b .05, ** P b .01,
D8 (B, red) as well as CD4 (D, green) and FOXP3 (D, red) of tumor
ning of cell nuclei by DAPI. Scale bars: 50 μm for all stainings.

image of Figure 2
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TLA-4 monotherapy and combination therapy group as compared
controls (CD8: P b .001 for both, CD4: P b .05 for both,

gure 2, A and C, exemplary immunofluorescent stainings shown in
and D). In contrast, sole PD-L1 blockade did not increase the
tratumoral CD8+ T cells infiltrate.
In addition, single anti-CTLA-4 therapy significantly decreased the
tratumoral FOXP3+/CD4+ Treg cells (P b .01). Combined anti-
TLA-4 and anti-PD-L1 treatment also reduced the intratumoral
reg cells, whereas in tumors of the anti-PD-L1 group, the amount of
reg cells was slightly higher than in the control tumors (Figure 2C,
emplary immunofluorescent stainings are shown in D).

ombination Blockade of CTLA-4 and PD-L1 Increases
tratumoral iNOS+ Macrophages and Reduces MRC1+,
D-L1+ and Tie2+ Macrophages (TEMs)
Macrophages as most abundant leucocyte population within
alignant tumors are important regulatory cells in the microenvi-
nment [30,31]. Different polarization states have been described for
acrophages, whereas M1 and M2 represent extremes within a broad
nge of activation states [30], and alterations in their polarization
ve been observed in response to anti-tumorigenic therapies [32].
Therefore, we analyzed the effects of our treatments on the
acrophages in the colon tumors. Whereas the total amount of
tratumoral macrophages was not altered after anti-CTLA-4
onotherapy and combined CTLA-4 and PD-L1 blockade,
acrophages were reduced in tumors of animals receiving anti-PD-
1 monotherapy (Figure 3A).
Analysis of MRC1+ macrophages, a marker being associated with
2 polarization, revealed no major effects of sole CTLA-4 blockade.
tumors of the anti-PD-L1 monotherapy and the combination

erapy group, however, the numbers of MRC1+ macrophages were
gnificantly lower than in the control tumors (P b .01 and P b .05,
spectively). Lowest numbers of MRC1+ macrophages were detected
tumors of the anti-PD-L1 monotherapy group (Figure 3A,

presentative immunostainings are shown in B).
The amount of iNOS+ macrophages, indicating polarization
wards the M1 phenotype, was markedly higher in tumors of all
erapy groups than in the controls. The increase in iNOS+
acrophages was stronger in the anti-CTLA-4 (P b .05) than the
ti-PD-L1 monotherapy group. Highest numbers of iNOS+
acrophages were detected in the colon tumors of the combination
erapy group (P b .001, Figure 3C, representative immunostainings
e shown in D).
We analyzed PD-L1+ macrophages, because it has recently been
own that PD-L1+ macrophages play an immunosuppressive role in
mors and that inhibition of these macrophages is important for the
ficacy of immune checkpoint blockade [32,33]. The amount of PD-
+ macrophages was significantly reduced by all therapies as
mpared to the controls. Sole PD-L1 blockade (P b .001) led to a
eater decrease in these macrophages than anti-CTLA-4 monother-
y (P b .01). Dual CTLA-4 and PD-L1 blockade induced the
rongest reduction in intratumoral PD-L1+ macrophages (P b .001,
gure 3, E and F).
Since our previous results in the orthotopic CT26 xenograft colon
ncer model pointed towards a crucial role of Tie2+ macrophages
EMs) in metastasis of the primary tumors to the liver, we
vestigated the effects of the therapies on these macrophages [18].
he Tie2-positive area fraction in the tumors, which was calculated
ter manually excluding Tie2-positive vessels, thus being indicative
r the amount of TEMs, was markedly decreased by sole PD-L1
ockade and by combined blockade of CTLA-4 and PD-L1. In
ntrast, blockade of CTLA-4 had no major effects on the
tratumoral TEMs (Figure 3, G and H).

ual CTLA-4 and PD-L1 Blockade does not Affect Vessel
unctionality but Increases Fibroblast Accumulation
We next investigated whether immune checkpoint blockade had
ditional effects on the tumor microenvironment besides inducing
mune cell alterations. Recent studies have shown that activation of
D4+ T cells by immune checkpoint blockade can lead to enhanced
ssel normalization [34]. Thus, the effects of immune checkpoint
hibition on tumor vascularization were longitudinally investigated
ing DCE-MRI. No major alterations in the amplitude A, a
rameter of the relative blood volume, were detected in response to
ther sole or dual immune checkpoint inhibition, demonstrating that
e functional vasculature was not affected by the immune therapies
igure 4A). Immunohistological analyses of tumor sections at day 14
i. showed an increase in VEGFR2+ angiogenic microvessels in
mors of the combination therapy group as compared to the
ntrols, though the differences were not significant (Figure 4B). In
dition, mature microvessels, detected via SMA, were decreased
on all therapies. The lowest amount of mature microvessels in
mors was detected after combined anti-CTLA-4 and anti-PD-L1
eatment (P b .01, Figure 4C).
Analysis of further stromal alterations revealed that both,
GFR-β+ and FAP+ cells, were significantly enhanced in tumors
the combination therapy group as compared to the control tumors
b .001 for both), showing an increase in intratumoral fibroblasts.
o significant changes in fibroblast accumulation were observed after
ti-PD-L1 monotherapy. Sole CTLA-4 blockade increased the
ount of PDGFR-β+ (P b .01) but slightly decreased FAP+ cells
igure 4D, representative immunostainings of PDGFR-β+ cells are
own in E). In addition, in line with the stronger accumulation of
roblasts, combined immune checkpoint inhibition led to a slight
crease in collagen IV and a significant enhancement of collagen I
position as compared to control tumors (P b .05, Figure 4F,
munostainings for Col I are shown in G).

ombination Therapy Leads to Alterations in Inflammation
ssociated Cytokines, Angiogenesis and Stroma-Related Factors
In view of the cellular changes that were observed in the tumor
icroenvironment in response to the therapies, we further analyzed
e tumors for the expression of cytokines, enzymes and growth
ctors that are associated with inflammation or involved in
giogenesis and stromal activation.
First, we assessed the expression of pro-inflammatory cytokines,
ch as IL-1α, IFN-γ, IL-2 and IL-12, which are associated with
tivation of CD8+ cytotoxic T cells, Th1 response of T-cells, M1
larization of macrophages and an anti-tumorigenic immune
sponse. IL-1α and IFN-γ mRNA were markedly up-regulated in
mors of the CTLA-4 monotherapy and the combination therapy
oup, whereas there was no increase in the PD-L1 monotherapy
oup (Supplementary Figure S3). This was confirmed at the protein
vel, however, the increase was stronger in tumors of the anti-CTLA-
monotherapy group (IL-1α: P b .001, IFN-γ: P b .05; Figure
). Expression of IL-2 mRNA and protein was significantly
hanced in tumors upon anti-CTLA-4 monotherapy (P b .001)
d slightly increased after combination therapy (Figure 5A and
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Figure 4. Microenvironmental changes after dual CTLA-4 and PD-L1 blockade. A, DCE-MRI data indicating that the amplitude A (a
parameter of the relative blood distribution volume of the tumor) does not significantly change during the different treatments. B, analysis
of the angiogenic activity in tumors of the different treatment groups as determined by the ratio of the VEGFR2 + to the CD31+ area
fraction. C, vessel maturation is decreased upon all therapies as shown by quantification of SMA+ vessels. D, the area fractions of
PDGFR-β (left) and FAP (right) are significantly enhanced in tumors of the combined treatment group. E, representative immunostainings
for CD31 (vessels, green), PDGFR-β (red) and DAPI (cell nuclei, blue) of the different treatment groups. F, dual immune checkpoint
blockade leads to an increase in the Col I (left) and Col IV (right) + area fraction. G, representative stainings for Col I (red), CD31 (green)
and DAPI (cell nuclei, blue) in tumor section at day 14 p.i. Data are presented as mean ± standard deviation (*P b .05, **P b .01,
***P b .001). Scale bars: 50 μm for all staining.
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pplementary Figure S3). IL-12 mRNA was up-regulated by all
erapies (Supplementary Figure S3). At the protein level, IL-12 levels
ere highest in tumors of the anti-CTLA-4 monotherapy group
igure 5A, P b .001). A minor increase was also detected in tumors
the combination therapy group (Figure 5A). These analyses point
a shift towards pro-inflammatory Th1 and M1 like phenotypes
sociated with an anti-tumorigenic immune response after anti-
TLA-4 and combination therapy.
In addition, we analyzed the expression of cytokines and enzymes
lated with Th2 response of T-cells and M2 polarization of
acrophages like IL-4, thymus and activation regulated chemokine
ARC), cyclooxygenase-2 (COX-2) and arginase-1 (ARG1), being
dicative for a tumor-promoting phenotype of the immune
gure 3. Sole PD-L1 and dual CTLA-4 and PD-L1 inhibition alter macro
ft) reveals a slightly lower amount of macrophages after anti-PD-L1
anually), is significantly reduced in the anti-PD-L1 and combined treatm
d MRC1 (red) of tumor sections from the different treatment grou
gnificantly higher numbers of iNOS+ macrophages (counted manu
hibition as compared to control tumors. D, representative immunostai
i. E, quantification of PD-L1+ macrophages on tumor sections at d
acrophages after all therapies in comparison to the controls. Lowes
mbined treatment group. F, exemplary immunofluorescent staining
wer in tumors after anti-PD-L1 and combinatorial treatment as compa
mor sections for F4/80 (H green) and Tie2 (H, red). Cell nuclei are coun
ean ± standard deviation (*P b .05, **P b .01, ***P b .001). Scale ba
icroenvironment. We detected lower expression of IL-4, TARC
d COX-2 protein in tumors of the PD-L1 monotherapy group
an in the control tumors. Lowest levels were recorded for the
mbination therapy group (Figure 5B, COX-2: P b .001, IL-4:
b .05). In tumors of the CTLA-4 monotherapy group, IL-4 protein
pression was only slightly decreased, COX-2 protein levels were
most similar as in the control tumors, whereas TARC levels were
en enhanced (Figure 5B). At the mRNA level, IL-4, TARC, COX-
and ARG1 expression was also lowest in tumors of the combination
erapy group. On the other hand, these tumors showed highest
OS mRNA expression, a marker of M1 polarized macrophages
b .05, Supplementary Figure S3). These results showing a
duction in M2 and Th2 related factors are in line with the
phage phenotypes. A, quantification of the F4/80+ area fraction
treatment. The number of MRC1+ macrophages (right, counted
ent groups. B, representative immunostainings for F4/80 (green)
ps at day 14 p.i. C, quantification of immunostainings shows
ally) in tumors after sole CTLA-4 and dual CTLA-4 and PD-L1
nings for F4/80 (green) and iNOS (red) of tumor sections at day 14
ay 14 p.i. reveals a significant decrease in intratumoral PD-L1+
t numbers of PD-L1+ macrophages are seen in tumors of the
s for F4/80 (green) and PD-L1 (red). G, Tie2+ macrophages are
red to the control tumors, as determined by immunostaining of
terstained with DAPI (blue) for all stainings. Data are presented as
rs: 50 μm for all stainings.
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Figure 5. Dual CTLA-4 and PD-L1 blockade increases the expression of Th1/M1 associated cytokines, decreases the expression of Th2/
M2 related cytokines, chemokines and enzymes and increases stromal factors. Analysis of the expression of Th1/M1 (A), M2/Th2 (B) and
stroma (C) associated proteins in tumors of the different treatments groups at day 14 p.i. by ELISA. Data are presented as mean ±
standard deviation (*P b .05, **P b .01, ***P b .001).
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munohistochemical data on intratumoral macrophage populations
d further indicate a shift towards M1 polarization of macrophages
sociated with a Th1 response after dual CTLA-4 and PD-L1
ockade.
Analysis of pro-angiogenic and stroma related growth factors
vealed that VEGF-A mRNA and protein levels were increased in
sponse to all therapies. Highest intratumoral VEGF-A levels were
tected after dual CTLA-4 and PD-L1 blockade (Figure 5C and
pplementary Figure S3, P b .05 (both, mRNA and protein)). We
rther analyzed the expression of TGF-β, PDGF-BB and
DGFR-β, which are involved in stromal activation and the fibrotic
sponse mediated by tumor-associated fibroblasts. Tumors of the
mbination therapy group showed the highest expression of TGF-β
b .05) and PDGF-B mRNA and protein as well as the highest

vels of PDGFR-β mRNA (Figure 5C and Supplementary Figure
). These results suggest slight pro-angiogenic effects and the
duction of a fibrotic response by combined CTLA-4 and PD-L1
hibition.
iscussion
mune checkpoint blockade has improved progression-free survival
patients with microsatellite instable/ mismatch repair deficient

RCs in clinical studies leading to an accelerated approval. However,
icrosatellite-instable and repair deficient CRCs represent only a
inority, and for the majority of CRCs, immune checkpoint
hibitors as monotherapies have shown only limited efficacy in
tients so far [11,12], emphasizing the need for further research to
tter understand the potential and limitations of these therapies.
nti-CTLA-4, anti-PD-1 and anti-PD-L1 antibodies act differen-
ally on the immune cells [35] and recent studies have shown that
eir mechanisms of action can go beyond the activation of effector T
lls and reduction of Treg cells [36–38]. We therefore investigated
e effects of anti-CTLA-4 and anti-PD-L1 antibodies as mono- and
mbination therapies on the progression of syngeneic, orthotopically
planted microsatellite-stable colon carcinomas.
Longitudinal MR measurements for 11 days and screening of livers
vivo showed that combined CTLA-4 and PD-L1 blockade led
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Figure 6. Suggested mechanism of the synergistic inhibitory effects of dual CTLA-4 and PD-L1 blockade on growth and metastasis of the
orthotopic CT26 colon tumors. Anti-CTLA-4 antibodies lead to an increase in CD8+ and CD4+ T cells and a decrease in Treg cells
accompanied by a pro-inflammatory Th1 response associated with increased expression of IL-1α, IFN-γ, IL-2, and IL-12. PD-L1 blockade
induces a switch to pro-inflammatory M1 macrophages associated with decreased MRC-1, PD-L1, Tie2 and ARG1 expression. Additional
synergistic effects of combined CTLA-4 and PD-L1 blockade on the immune microenvironment are obvious by the strongest increase in
iNOS expression and the strongest reduction in COX-2, IL-4 and TARC expression. Moreover, dual immune checkpoint blockade induces
a stromal reaction with significantly increased fibroblast accumulation and collagen deposition and a slight increase in VEGF-A and
VEGFR2 expression which can either indicate stable disease or a compensatory reaction of the tumor to induce therapy resistance. This
figure was created with images adapted from Servier Medical Art by Servier. Original images are licensed under a Creative Commons
Attribution 3.0 Unported License.
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most to tumor growth stagnation and completely inhibited liver
etastasis. Monotherapies with the respective antibodies exerted
wer anti-tumorigenic effects, though sole CTLA-4 blockade was
perior to anti-PD-L1 monotherapy. These results demonstrated
nergistic inhibitory effects of dual antibody therapy on tumor
owth and liver metastasis.
Further analyses revealed major effects of anti-CTLA-4 and
mbined anti-CTLA-4 and anti-PD-L1 therapy on T cells. In
th treatment groups, intratumoral CD8+ and CD4+ T cells were
gnificantly increased, whereas FOXP3+ Treg cells were significantly
duced as compared to the control group. Since the anti-CTLA-4
onotherapy and the combination treatment induced comparable
terations in CD8+ and CD4+ T cell subpopulations, we conclude
at the effects on T cells can mainly be attributed to the CTLA-4
ockade. This is further sustained by the highest levels of IFN-γ, IL-
IL-1α and IL-12 in tumors of the anti-CTLA-4 monotherapy
oup. These pro-inflammatory, Th1-related cytokines are associated
ith activation of CD8+ cytotoxic T cells and an anti-tumorigenic
mune response (Figure 6) [39,40]. However, the stronger effects of
le CTLA-4 blockade on Treg cells and Th1 cytokine expression in
r orthotopic colon cancer model differ from findings obtained in
bcutaneous CT26 tumors. Duraiswamy and colleagues observed
ore pronounced T cell alterations upon dual CTLA-4 and PD-L1
hibition than by sole CTLA-4 blockade [14]. This discrepancy
uld be attributed to a different microenvironment in intestinal and
bcutaneous tissue. Zhao and colleagues recently showed that the
mber of T cells is higher in orthotopic than subcutaneous colon
mors, associated with enhanced levels of pro-inflammatory
tokines (e.g. IL-2, IFN-γ), thus resulting in a higher sensitivity
the orthotopic tumors to immune checkpoint inhibitors [17]. This
uld explain why sole CTLA-4 blockade which primarily acts on T
lls had already maximal effects on T cells in our orthotopic CRC
odel that could not be outperformed by dual checkpoint inhibition.
However, since sole CTLA-4 blockade had similar or even stronger
fects on T cells than the combination therapy, T cells were
viously not the sole key mediators of tumor growth and metastasis
hibition upon dual immune checkpoint blockade. Interestingly,
mbination therapy as well as anti-PD-L1 monotherapy induced
ajor alterations in macrophage phenotypes. Strongest effects were
served after dual checkpoint blockade, as obvious by the
gnificantly reduced numbers of MRC1+ macrophages, the lowest
ount of PD-L1+ macrophages and the highest numbers of iNOS+
acrophages. These observations indicated a shift from pro-
morigenic M2 towards anti-tumorigenic and pro-inflammatory
1 polarized macrophages which was further sustained by the lowest
pression of the M2/ Th2 related factors IL-4, TARC, COX-2 and
RG1 (Figure 6).
Macrophages are the most abundant immune cells in carcinomas.
hey have important regulatory functions and the ability to control
e immune response. However, whereas the effects of immune
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eckpoint blockade on T cells are well recognized, it has only
cently become evident that immune checkpoint inhibitors, mainly
the PD1-/PD-L1 pathway, can also act on antigen-presenting cells
ch as macrophages or dendritic cells and that these immune cells are
portant for the effectiveness of immune checkpoint blockade. In
is context, Lin and colleagues found strong expression of
nctional PD-L1 in tumor-associated macrophages and dendritic
lls and could demonstrate that host PD-L1 but not tumor cell
D-L1 was crucial for the efficacy of PD-L1 inhibition [32]. In
dition, the authors found a correlation between PD-L1
pression on these immune cells in human ovarian cancer and
elanoma and the effectiveness of anti-PD-1 monotherapy and
mbination blockade with anti-PD-1 and anti-CTLA-4 antibod-
s, respectively, suggesting that PD-L1 expression on tumor
acrophages and dendritic cells may be predictive for the efficacy
these treatments [32].
Saha et al. investigated the effects of dual immune checkpoint
hibition combined with oncolytic virus therapy in mouse gliomas.
lthough triple combination therapy was most effective, dual
eckpoint blockade (anti-PD-1 and anti-CTLA-4) already increased
tratumoral CD8+ T cells, and slightly iNOS+ macrophages,
hereas PD-L1+ macrophages were reduced, resulting in an increased
edian survival rate of 37% [36]. The authors could further
monstrate that the therapeutic efficacy of the combination therapy
pended on all, CD4+ and CD8+ T cells as well as on macrophages.
hese findings are in line with our observations in the orthotopic
lon cancer model demonstrating synergistic effects of CTLA-4 and
D-L1 blockade on T cells and macrophages, thus leading to efficient
hibition of cancer growth and metastasis.
Interestingly, sole PD-L1 inhibition and combination therapy also
duced the accumulation of TEMs in the tumors. TEMs comprise a
ecial subpopulation of macrophages with high proangiogenic
tivity that express M2 polarization markers and play a crucial role
the metastatic spread of cancer cells. They are often located in close
oximity to tumoral blood vessels and were shown to facilitate cancer
ll intravasation and dissemination by releasing VEGF that
ansiently enhances vessel permeability [41–43]. In addition,
munosuppressive functions have been described for TEMs
4,45]. The results from our previous studies obtained in the
thotopic CT26 xenograft colon cancer model strongly suggested a
ucial role of these macrophages in driving metastasis of the primary
lon cancer cells to the liver [18]. Now we confirm the presence of
ese macrophages in the syngeneic orthotopic CT26 colon tumors.
oreover, we provide evidence that recruitment of these Tie2+
acrophages to the colon tumors can be inhibited by anti-PD-L1 and
al immune checkpoint blockade which further underlines their
pportive role in metastasis of the colon cancer cells to the liver. We
sume that inhibition of TEMs can be ascribed to PD-L1 blockade
nce TEM accumulation was not reduced in tumors of the anti-
TLA-4 monotherapy group and the reduction was similar in the
D-L1 monotherapy and combination therapy group. However,
rther studies are needed in order to decipher the effects of the
mune checkpoint inhibitors on TEMs and the other macrophage
bpopulations.
Immune checkpoint blockade has recently been described to
hance vessel normalization by activating CD4+ T cells and
ducing a Th1 response [34]. However, in the orthotopic CT26
lon cancer model, we did not observe an increase in vessel
rmalization in response to sole or dual immune checkpoint
hibition. Immunohistological analyses revealed significantly lower
ssel maturation, an increase in VEGFR2-positive angiogenic
icrovessels and significantly enhanced VEGF-A levels after dual
TLA-4 and PD-L1 blockade (Figure 6). Nevertheless, no major
terations in the amplitude A, a parameter of the relative blood
lume, were measured by DCE-MRI, demonstrating that these
anges were restricted to the microvessels and that the functional
sculature was not influenced by either sole or dual immune
eckpoint inhibition. Moreover, combination therapy induced a
romal reaction, as obvious by the significant accumulation of
DGFR-β + and FAP+ fibroblasts and strong deposition of collagen I
the colon carcinomas (Figure 6). Tumor-associated fibroblasts have
en shown to promote angiogenesis by secreting VEGF-A and other
tokines and chemokines as well as matrix metalloproteinases which
ay provide an explanation for the increase in VEGFR2-positive
giogenic microvessels [46,47]. However, contradictory observa-
ons have been made with regard to their role in cancer progression.
n the one hand, tumor-promoting functions of fibroblasts have
en described (e.g., by facilitating cancer cell invasion, by
imulating tumor angiogenesis and by modulating tumor immuni-
), they have been identified as mediators of drug resistance and are
rrently discussed to be involved in resistance towards immune
eckpoint blockade [46]. On the other hand, activation of
broblasts can be induced as a defense mechanism in order to impair
ncer progression. Recently, fibroblasts have been shown to inhibit
ncer progression in a mouse model of pancreatic ductal
enocarcinoma, and depletion of these cells resulted in a diminished
rvival of the tumor-bearing mice [48]. Whether the stromal
sponse induced in the orthotopic colon tumors upon dual immune
eckpoint inhibition reflects stable disease due to efficient
munotherapy or is rather indicative for a compensatory mechanism
the tumor to induce therapy resistance needs further investigation.
In conclusion, our findings show that dual CTLA-4 and PD-L1
ockade exert synergistic inhibitory effects on growth and metastasis
the orthotopic CT26 colon tumors by increasing CD8+ and CD4+
cells associated with a Th1 response mediated by CTLA-4
hibition and by inducing a shift towards M1 macrophage
larization, which can mostly be ascribed to PD-L1 blockade. The
onounced stromal response observed after dual immune checkpoint
ockade underlines that the effects of immune checkpoint inhibition
beyond immune cell modulation and highlights the link between
munomodulation and desmoplasia.

ppendix A. Supplementary data
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.07.006.
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