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Abstract
Tumor-infiltrating lymphocytes are crucial for anti-tumor immunity. We have previously shown that regulatory T cells 
(Treg) are able to reduce T-cell transendothelial migration in vitro and accumulation of effector T cells in intestinal tumors 
in vivo. Treg depletion also resulted in increased levels of the chemokines CXCL9 and CXCL10 specifically in the tumors. 
In this study, we investigated the mechanisms for Treg mediated suppression of T-cell migration into intestinal tumors in 
the  APCmin/+ mouse model. By breeding  APCmin/+ mice with DEREG mice, which harbour a high affinity diphtheria toxin 
receptor under the control of the FOXP3 promoter, we were able to deplete Treg in tumor-bearing mice. Using adoptive 
transfer experiments, we could document a markedly increased migration of T cells specifically into Treg depleted tumors, 
and that Treg depletion results in increased production of the CXCR3 ligand CXCL10 from endothelial cells in the tumors. 
Furthermore, we were able to demonstrate that T cells use CXCR3 to migrate into intestinal tumors. In addition, human 
colon adenocarcinomas express high levels of mRNA CXCR3 ligands and tumor endothelial cells produce CXCL9 and 
CXCL10 ex vivo. In conclusion, this study demonstrates that Treg reduce endothelial CXCL10 production, inhibit T-cell 
migration into tumors and that CXCR3 mediated signalling is crucial for lymphocyte accumulation in intestinal tumors. 
Thus, immunotherapy aimed at Treg depletion may be effective by increasing not only T effector cell activity, but also their 
accumulation in tumors.
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Abbreviations
APC  Adenomatous polyposis coli
CLA  Cutaneous lymphocyte antigen
CRC   Colorectal cancer
DEREG  Depletion of regulatory T cell

DT  Diphtheria toxin
FAP  Familial adenomatous polyposis
MLN  Mesenteric lymph nodes
PSGL-1  P-selectin glycoprotein ligand-1
SI  Small intestine

Introduction

Colorectal cancer (CRC) is the third most prevalent can-
cer form world-wide with approximately one million new 
cases diagnosed each year [1]. About 5–10% of all colorec-
tal cancer develops from hereditary nonpolyposis colorectal 
cancer or familial adenomatous polyposis (FAP), while the 
large majority of cases are sporadic. However, both FAP and 
a majority of sporadic colorectal cancer are due to muta-
tions in the tumor-suppressor gene adenomatous polyposis 
coli (Apc) [2, 3]. Loss of Apc will result in polyps in both 
humans and mice, which are caused by a constitutive wnt 
signalling resulting in a continuous β-catenin-initiated gene 
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transcription [4, 5]. Although many of the mutations that 
give rise to colorectal tumors have been identified, growing 
evidence demonstrates that the immune system also plays an 
important role in reducing tumor progression and improving 
patient outcome. Tumor-infiltrating lymphocytes (TIL), like 
natural killer (NK) cells,  CD8+ cytotoxic T cells and  CD4+ 
T helper (Th) cells have all been found to promote anti-
tumor immunity [2, 6]. Previous studies from both our group 
and others have demonstrated an accumulation of regula-
tory T cells (Treg) in both human [7–9] and mouse [10, 11] 
intestinal tumors. Treg can control TIL function [12], but 
their role in CRC progression is currently unclear. In some 
studies, intra-tumoral Treg appear to play a favourable role 
for patient survival, possibly by reducing intestinal inflam-
mation [13, 14], while in other studies they correlate to a 
negative overall survival due to an inhibited TIL response 
[15]. Recently, Saito et al., have proposed a model with two 
different populations of  CD4+FOXP3+ cells in CRC, sup-
pressive  FOXP3high Treg and  FOXP3low non-suppressive 
effector T cells, and that the balance between the two subsets 
determine tumor progression [16]. In addition, the appear-
ance of RORγt+ IL-17-expressing Treg in tumors may be 
particularly unfavourable, as they shift the Th1/Th17 balance 
to favour tumor progression [17, 18]. Thus, the full extent of 
Treg mediated immune suppression and its contribution to 
colon cancer progression is still not established.

Infiltration of immune cells into tissues is regulated 
by chemoattractant chemokines and adhesion molecules, 
which orchestrate the immune balance and trafficking of 
lymphocytes into inflamed tissue [19]. We recently showed 
that Treg depletion results in an increased accumulation of 
effector T cells in intestinal tumors. This observation was 
accompanied by an increased intra-tumoral expression of the 
chemokines CXCL9 and CXCL10 [20]. These chemokines 
are both ligands to the Th1 associated chemokine receptor 
CXCR3, which is mainly expressed on activated Th1 cells, 
cytotoxic T cells, NK cells and dendritic cells [21]. It is thus 
interesting to note that Treg depletion also led to increased 
frequencies of conventional T cells expressing CXCR3 in the 
tumors [20]. Several studies have also shown that CXCR3 
expression on T cells, or expression of CXCL9 and CXCL10 
in tumor tissue, is associated with increased TIL accumula-
tion and a favourable clinical outcome in CRC [22–24].

In previous studies, we could demonstrate that Treg from 
cancer patients, but not healthy volunteers, inhibit transen-
dothelial migration of effector T cells in vitro and that effec-
tor T cells accumulate in intestinal tumors in vivo after Treg 
depletion [20, 25]. In this study, our aim was to elucidate 
the mechanisms whereby Treg reduced the lymphocyte 
accumulation in tumors, with a focus on cell migration 
and chemokine signalling. The  APCmin/+ mouse is widely 
used to model CRC, as it has a mutation in the Apc gene, 
similar to FAP and sporadic human CRC [5]. These mice 

develop tumors along the entire intestine and can be used to 
study early events of CRC since this is a non-invasive, non-
metastasising model [26]. However, immunologically the 
 APCmin/+ tumors mimic the human counterpart well since 
they both show accumulation of Treg, a shift in lymphocyte 
composition and changed chemokine expression compared 
to unaffected intestine [7, 9, 11, 27]. By breeding  APCmin/+ 
mice with depletion of regulatory T cell (DEREG) mice, 
which harbour a high affinity diphtheria toxin (DT) receptor 
under the control of the FOXP3 promoter [28], we were able 
to deplete Treg by DT injections in tumor-bearing mice. This 
model was used to investigate the effects of Treg on lym-
phocyte migration into tumors and chemokine production in 
tumors. We report that Treg depletion results in an increased 
migration of T cells specifically into tumors. Furthermore, 
 CD4+ T cells depend heavily on CXCR3-mediated signal-
ling to enter into intestinal tissues. As Treg were shown to 
reduce the expression of the CXCR3 ligand CXCL10 by 
blood vessel endothelial cells, we suggest that Treg reduce 
effector T-cell recruitment to tumors by acting on local tis-
sue cells to inhibit chemokine production.

Materials and methods

Mouse strains and breeding

APCmin/+ mice, on a C57BL/6 background and DEREG 
mice [28] were bred to generate  APCmin/+/DEREG mice and 
 APCmin/+ mice at the Department of Experimental Biomedi-
cine, University of Gothenburg. 4 weeks after birth  APCmin/+ 
genotype was examined by PCR and DEREG phenotype by 
flow cytometry as previously described [28, 29]. Animals 
were kept under specific pathogen-free conditions in filter-
top cages.

In vivo Treg depletion

Treg were depleted in both female and male 18 week old 
 APCmin/+/DEREG mice by intraperitoneal (i.p) injections 
of 0.5 µg DT on day 1, 2, 8, and 9. As controls,  APCmin/+ 
mice were identically treated. By day 3 and 10, at least 90% 
of Treg were depleted in blood, intestine and tumors of DT 
treated  APCmin/+/DEREG [20]. Mice were killed and organs 
harvested on day 12.

Mouse lymphocyte isolation

Lamina propria cells from small intestinal mouse tumors 
and unaffected  intestine were isolated as previously 
described [11, 30]. Briefly, epithelial cells were removed 
by HBSS medium containing EDTA, FCS, and HEPES. 
The remaining lamina propria was digested with either 
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collagenase D (Roche) for lymphocyte isolation or col-
lagenase P (Sigma–Aldrich) and dispase II (Roche) for 
endothelial cell isolation at 37 °C. Single-cell suspension 
was prepared from spleen and mesenteric lymph nodes 
(MLN) by forcing the organs through nylon nets using a 
syringe plunger. Red cell lysis was performed on splenic 
cells with 0.07 M  NH4Cl, pH 7.3, at 37 °C for 5 min.

Adoptive transfer

MLN and splenic lymphocytes were harvested from female 
WT mice at age 10–14 weeks. MLN cells were subsequently 
stained with CFSE (Vybrant CFDA-SE; Molecular Probes) 
and cell labelling was confirmed by flow cytometry. A total 
of 25 million cells in a volume of 200 µL PBS were injected 
via the tail vein into DT treated  APCmin/+ and  APCmin/+/
DEREG mice at day 10 after the first DT treatment.

In other experiments, splenic cells were treated with 
1  µmol/L of the CXCR3 antagonist AMG487 (Tocris) 
for 6 h or left untreated as control. 25 millions cells from 
each group were either labelled with CellTrace FarRED 
(ThermoFischer) or CFSE, mixed 1:1 and co-injected via 
the tail vein into DT-treated  APCmin/+/DEREG mice and 
control  APCmin/+ mice. Labels were alternated in different 
experiments to rule out potential effects of labelling on cell 
migration.

2 days after adoptive transfer the mice were killed and 
MLN, spleen, small intestine and small intestinal tumors 
were collected and weighed. Lymphocytes were isolated 
as previously described and the frequencies of retrieved 
CFSE- and FarRED-labelled cells were determined by flow 
cytometry.

Colon cancer patients, specimen collection and cell 
isolation

Patients were scheduled for curative surgery of primary 
colon adenocarcinoma at Sahlgrenska University Hospital, 
Gothenburg, Sweden (see supplementary table 1 for patient 
characteristics). A piece of colon tumor and unaffected colon 
mucosa was collected from colon cancer patients at the time 
of surgery. None of the patients had undergone radiotherapy 
or chemotherapy for at least 3 years prior to colectomy, and 
none suffered from autoimmune diseases. Tissue specimens 
were transported on ice and immediately used for cell isola-
tion. Single cell suspensions were prepared mainly as previ-
ously described [31] with a modification of Liberase instead 
of collagenase for enzymatic digestion. Subsequently, cell 
suspensions were incubated 12 h at 37 °C; a protein trans-
port inhibitor (BD Golgistop, BD) was added the last 4 h.

Flow cytometry

Single cell suspensions from mouse experiments were 
stained with Live/dead Aqua (Molecular Probes, Inc.), 
CD4-PerCP, CD8-Pacific Blue, CD69-BV605, CD62E-PE, 
CD62E-BV421, CD62P-Alexa647, CD162-AlexaFlour647, 
HECA454-PE (BD Bioscience), CD25-APC, CD31-BV605, 
CD105-Pacblue, I/A-I/E-BV421, CD45-APCCy7, EpCAM-
APC-Cy7, Podoplanin-PE, CD31-PECy7, EpCAM-FITC, 
CD64-BV711 (Biolegend), CD11c-PECy5.5 (Invitrogen) 
CXCR3-PECy7, CD3-Alexa700 and Ly6C-efluor450 (eBi-
oscience). For subsequent detection of CXCL10 mRNA 
 Primeflow® RNA Assay (eBioscience) was used accord-
ingly to manufacture protocol. Samples were acquired on 
an LSR-II flow cytometer (BD Biosciences) and analysed 
using FlowJo software (Tree Star Inc.).

Single cell suspension isolated from human tumors and 
unaffected colon tissue were stained with Live/dead Aqua 
(Molecular Probes, Inc.), CD31-Alexa700, (Biolegend), 
CD4-PerCP, CD8-BV711, CD105-APC, CD14-Alexa700, 
CD19-APCH7 and CD19-PE-CF594 (BD bioscience) fol-
lowed by permeabilization with Fix & Perm kit (ADG Bio 
research GMBH) and staining with CXCL9-FITC (R&D) 
and CXCL10-PE (Biolegend), flow cytometry analyses were 
performed as above.

RNA and DNA isolation and quantitative PCR

Total RNA was isolated and used for cDNA synthesis as 
previously described [11]. Each real-time PCR reaction 
mixture contained cDNA, Power SYBR Green master mix 
(Applied Biosystems) and oligonucleotide primers to detect 
CXCL9 (forward: 5′-GAC CTT AAA CAA TTT GCC CCA 
AG-3′, reverse: 5′-TCC TTC ACC CCC ATC TGC TGA 
ATC TGG-3′), CXCL10 (forward: 5′-GAA ATT ATT CCT 
GCA AGC CAA TTT-3′, reverse: 5′-TCA CCC TTC TTT 
TTC ATG TAG CA-3′), CXCL11 (forward: 5′-GCA GAT 
ATT GAG AAA GCC TCC A-3′, reverse: 5′-TGG GAT TTA 
GGC ATC GTT GT-3′) and 18S RNA (forward, 5′-CGG 
C-GT TAT TCC CAT GAC-3′, reverse, 5′-AAG TTT CAG 
CTT TGC AAC CA-3′). All primers were designed using 
Primer Express software (Applied Biosystems), and were 
all ordered from Eurofins MWG. Relative expression was 
determined by the ΔΔCT method using 18S RNA as endog-
enous control.

Statistical analysis

Calculation of statistical significance was performed using 
Mann–Whitney test and Wilcoxon signed rank test. p values 
of < 0.05 were considered significant. Statistical analyses 
were performed in GraphPad PRISM software version 6.0 
(GraphPad Software Inc., San Diego, CA).
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Results

T‑cell migration to tumors after Treg depletion

Previously, we have shown an accumulation of TILs after 
Treg depletion in  APCmin/+ mice [20], although it was not 
clear to what extent this resulted from increased migra-
tion into the tumor tissue. As we previously demonstrated 
in vitro [25], Treg may inhibit T-cell accumulation by reduc-
ing transendothelial migration. To investigate if Treg affect 
migration into tumors in vivo, we depleted Treg in  APCmin/+/
DEREG mice and transferred CFSE-labelled MLN cells and 
examined their migration compared to that in DT-treated 
control  APCmin/+ mice still harbouring Treg (see supplemen-
tary Fig. 1 for gating strategy). No significant differences 
in lymphocyte migration into MLN, spleen and unaffected 
small intestine were observed in Treg depleted  APCmin/+/
DEREG mice compared to control mice (Fig. 1a). In con-
trast, there was a significant increase in the migration of 
transferred  CFSE+ cells into the tumor tissue after Treg 
depletion in the  APCmin/+/DEREG mice (Fig. 1a), a find-
ing that clearly confirms that Treg can reduce lymphocyte 
migration specifically into tumors. However, even though 
Treg were depleted and more effector T cells were recruited 
to the tumors, this short-term Treg depletion in mice with 
established tumors did not significantly affect tumor load 
(supplementary Fig. 2).

When the T-cell subsets among migrating cells were ana-
lysed, there was no difference in the frequencies of CFSE-
labelled cells among  CD4+ and  CD8+ TILs with and with-
out Treg (Fig. 1b). However, when analyzing the number of 
migrated cells per gram tissue, it was clear that both  CD4+ 
T helper cell and  CD8+ cytotoxic T-cell migration was sig-
nificantly increased in the tumors after Treg depletion. There 
was a larger migration of  CD4+ T cells, as higher numbers 
of transferred  CD4+ T cells were observed in the tumors 
compared to  CD8+ T cells (Fig. 1c). Presumably, many non-
labelled T cells were recruited along with the adoptively 

transferred cells to the tumors, and therefore, the frequen-
cies of  CFSE+ cells among all  CD4+ and  CD8+ T cells did 
not change. To compare the composition of cells migrating 
into Treg depleted and Treg sufficient tumors, adoptively 
transferred  CFSE+ lymphocytes as well as the  CFSE+CD4+ 
T cells subset, were investigated for their expression of 
the mouse Treg marker CD25 [32, 33] and the activation 

b

c

a

d

e

Fig. 1  Increased migration into tumors after Treg depletion. CFSE-
labelled MLN lymphocytes were transferred into DT treated 
 APCmin/+/DEREG and control  APCmin/+ mice. 2  days later MLN, 
spleen, unaffected small intestine (SI) and intestinal tumors were 
harvested and migrated CFSE-labelled cells were examined by flow 
cytometry. a Percentage of  CFSE+ lymphocytes recovered after adop-
tive transfer among all lymphocytes in MLN, spleen, small intestine 
and tumor. b Percentage of  CFSE+CD4+ and  CFSE+CD8+ cells 
among all  CD4+ and  CD8+ cells, respectively, in small intestine and 
tumors. c Number of  CFSE+  CD4+ and  CFSE+CD8+ T cells per 
gram tissue recovered after adoptive transfer in small intestine and 
tumors. CD25 (d) and CD69 (e) expression among  CFSE+ cells were 
characterized using flow cytometry both by all migrated  CFSE+ lym-
phocytes and by all migrated  CD4+CFSE+ cells. Symbols represent 
individual mice and lines represent median (n = 6–19). * p < 0.05, ** 
p < 0.01; Mann–Whitney test

▸
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marker CD69 (Fig. 1d–e). A significant decrease in migrat-
ing  CD25+ lymphocytes was observed in the absence of Treg 
in tumors of the recipient, both among  CD4+ T cells and all 
 CFSE+ cells (Fig. 1d). In contrast, recently activated lym-
phocytes expressing CD69 migrated equally well into unaf-
fected small intestine and tumors, regardless of the presence 
of Treg (Fig. 1e). Taken together, these results show that 
Treg depletion in  APCmin/+ mice result in a specific recruit-
ment of  CD4+ and  CD8+ T cells without the Treg marker 
CD25 into tumors, but not to other organs.

Selectin expression after Treg depletion

Selectins play an important role in lymphocyte migration 
into tissue during inflammation and altered selectin expres-
sion might be one reason for the increased T-cell migra-
tion after Treg depletion. Using flow cytometry analyses of 
 CD31+Podoplanin− blood vessel endothelial cells, we could 

show that both P- and E-selectin are expressed by blood ves-
sel endothelial cells at moderate frequencies in tumor tissue. 
However, both P- and E-selectin expression was unchanged 

after Treg depletion (Fig. 2a). Interestingly, selectin expres-
sion in tumors differed from unaffected small intestinal tis-
sue. E-selectin was expressed at significantly lower levels in 
tumors than unaffected tissue, regardless of Treg depletion. 
Tissue-infiltrating lymphocytes were stained with antibodies 
to CD162, also known as P-selectin Glycoprotein Ligand-1 
(PSGL-1), which preferentially recognize the P-selectin 
ligand, and to Cutaneous Lymphocyte Antigen (CLA), a 
modified PSGL-1 preferentially binding to E-selectin and 
identified with antibody clone HECA-452. Both P-selectin 
expression on tumor endothelial cells and PSGL-1+ expres-
sion on tumor-infiltrating  CD4+ T cells were significantly 
higher compared to small intestine (Fig. 2a, c) suggesting 
that this pathway may contribute to T-cell recruitment into 
intestinal tumors. However, there were no significant differ-
ences in selectin ligand expression on tumor-infiltrating T 
cells with and without Treg (Fig. 2b, c), and therefore other 
mechanisms of T-cell recruitment are probably more impor-
tant after Treg depletion.

Lymphocyte migration into tumors 
after CXCR3‑blocking

Chemokines guide lymphocytes into tissue and increased 
chemokine production might also be a reason for the 
increased migration into tumors. Our previous study [20] 
indicated that CXCR3-mediated chemotaxis may be an 
important means of T-cell recruitment into intestinal tumors 
as Treg depletion increased the production of CXCL9 and 
CXCL10 selectively in the tumors. We thus examined the 
effect of CXCR3 blocking on migration of splenic lympho-
cytes into  APCmin/+ tumors in the adoptive transfer system. 
Pre-treatment of lymphocytes with the specific CXCR3 
antagonist AMG487 [34] before transfer potently reduced 
migration into both unaffected small intestine and tumors 
with a median 3.1-fold higher migration of untreated cells 
compared to AMG487 treated cells in the tumors and a 1.5-
fold increase in the unaffected tissue (Fig. 3a). On the other 
hand, migration of CXCR3-blocked lymphocytes into MLN 
and spleen was only slightly decreased.  CD4+ T cells had a 
larger migration disadvantage into tumors when treated with 
the CXCR3 antagonist compared to all other tested organs 
(Fig. 3b). However, Treg depletion did not further increase 
the preferred migration of  CXCR3+ lymphocytes into 
tumors (Fig. 3c). Taken together, these observations comple-
ment our previous observation of increased CXCR3 ligand 
expression in tumors after Treg depletion, and underline the 
specific importance of CXCR3 in lymphocyte, and more 
specifically  CD4+ T cell, migration into intestinal tumors.
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Fig. 2  Expression of P- and E-selectin and their ligands in Treg 
depleted tumors. a Percentage of E-selectin+ and P-selectin+ among 
blood vessel endothelial cells  (CD31+Podoplanin−) and  CLA+ (b) 
and PSGL-1+ (c) expression among  CD4+ and  CD8+ T cells in Treg 
depleted  APCmin/+/DEREG and control  APCmin/+ mice. Symbols 
represent individual mice and lines represent median (n = 3–10). * 
p < 0.05, ** p < 0.01; Mann–Whitney test
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Identification of CXCL10‑expressing cells after Treg 
depletion

As CXCR3-mediated recruitment appears crucial for T cell 
entry into tumors and as Treg reduce CXCL9 and CXCL10 
expression in tumors, we were eager to determine the source 
of CXCL10 in tumor tissue, and determine if CXCL10-
producing cells were indeed affected by Treg depletion. 
Single cell suspensions from unaffected small intestine 
and tumors were analysed for CXCL10-expressing cells 
ex vivo without any stimulation using  Primeflow® mRNA 
assay to detect intracellular RNA.  CD31+Podoplanin− blood 
vessel endothelial cells,  CD31+Podoplanin+ lymphatic 
endothelial cells,  MHCII+CD64+CD11c− macrophages, 
 MHCII+CD11c+CD64− dendritic cells,  EpCAM+ epithe-
lial cells and  CD3+ T cells all produce CXCL10 (Fig. 4, for 
gating see supplementary Fig. 3). When Treg were depleted, 
only blood vessel endothelial cells in the tumors significantly 
increased their production of CXCL10, indicating that Treg 
affect blood vessel endothelial cells to reduce recruitment of 
 CXCR3+ effector lymphocytes. Macrophages, an important 
regulator of tumor progression [35], are known to produce 
CXCL10, and our data show that they do it to approximately 
the same extent as blood vessel endothelial cells but that 
macrophage CXCL10-production is unaffected by Treg 
depletion (Fig. 4). Neither blood vessel endothelial cell nor 
macrophage density changed after Treg depletion (Fig. 5). 
However, both density (Fig. 5) and frequencies (supple-
mentary Fig. 4) of macrophages were higher in tumor tissue 
than unaffected small intestine, whereas no such increase 
was evident in any of the other cell types analysed. Taken 
together, our data suggest that both macrophages and blood 
vessel endothelia cells are important sources of CXCL10 in 
 APCmin/+ tumors.

Production of CXCL9 and CXCL10 in human colon 
tumors

To determine the relevance of these findings in human 
tumors, we examined CXCR3 ligand production in human 
colon tumors. Initial quantitative PCR studies of ex vivo tis-
sue specimen showed that CXCL9, CXCL10 and CXCL11 
are significantly increased in human colon tumors compared 
to unaffected tissue (supplementary Fig.  5). To further 
investigate these chemokines in human CRC, we character-
ized the cells producing CXCL9 and 10 ex vivo without 
any stimulation, and found that human endothelial cells 
(defined as  CD31+CD105+ cells) in colon tumors produce 
both chemokines (Fig. 6). In addition, CXCL9 and CXCL10 
were also produced by T cells, monocytes and B cells.

Discussion

Treg depletion increases lymphocyte frequencies in tumors 
[20, 36–38], and we now clearly demonstrate in a spontane-
ous tumor model that Treg in tumor-bearing mice inhibit 
lymphocyte migration specifically into tumors. Adoptively 
transferred CFSE-labelled lymphocytes were able to migrate 
into MLN, spleen, intestine and intestinal tumors, but when 
Treg were depleted, a significant increase of migration was 
observed only into the tumors. This study demonstrates 
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Fig. 3  Reduced lymphocyte migration into tumors after CXCR3 
blocking. Splenic lymphocytes were treated with AMG487 or left 
untreated for 6  h before labelling with CFSE or FARred. Equal 
numbers of both cell suspensions were injected into  APCmin/+ mice 
and 2  days later MLN, spleen, unaffected small intestine and intes-
tinal tumors were harvested and the ratio between migrated CFSE- 
and FARred-labelled cells were determined by flow cytometry. a 
Ratio of untreated to AMG487-treated lymphocytes recovered from 
the indicated tissues. Dot plot show a representative analysis of 
untreated vs. AMG487 treated lymphocytes migrating into a tumor. 
b Ratio of untreated to AMG487-treated  CD4+ T cells recovered 
from the indicated tissues. Dot plot show a representative analysis of 
untreated vs. AMG487 treated  CD4+ T cells migrating into a tumor. 
c Ratio of untreated to AMG487-treated lymphocytes recovered in 
Treg depleted and control tumors. Circles with a dot represent DT 
treated control mice and filled circles untreated control mice from a 
for comparison. Symbols represent individual mice and lines repre-
sent median. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the 
expected 1:1 ratio; Wilcoxon signed rank test (n = 4–15). Dotted line 
represents a hypothetical uniform migration at 1:1 ratio
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unequivocally that lymphocyte accumulation in tumors after 
Treg depletion is due to an increased migration into tumors, 
and not only from an increased intra-tumoral proliferation 
or survival of effector T cells. In our current study, both 
 CD4+ and  CD8+ TILs were increased after Treg depletion. 
Using CD25 as a marker for Treg [32, 33, 39] we could 
also show that the increase in  CD4+ T cells is not due to 
adoptively transferred Tregs re-populating the empty Treg 
niche, instead a decreased Treg migration into Treg depleted 
tumors was observed. This finding would indicate that in an 
untreated tumor, Treg already present act to recruit more 
Treg, thereby reinforcing an immunoregulatory micro-
environment. Our previous study also identified a higher 
proportion of proliferating T cells in Treg depleted tumors 
[20] and this probably also contribute to the total increase 
in tumor-associated effector lymphocytes in the absence 
of Treg. In addition to increased proliferation of TIL when 
Treg were depleted, there was also an increased frequency of 

 CD69+ recently activated or tissue resident memory T cells 
in tumors [20]. However, no difference in the CD69 expres-
sion of the migrating cells were found in Treg depleted mice 
compared to control mice and recently migrated cells had 
lower CD69 expression than tumor-resident T cells. This 
would indicate that activation of T cells may occur locally in 
the tumors by intra-tumoral antigen-presenting cells, and not 
only in the draining lymph nodes. Even though  CD4+ and 
 CD8+ T cells in the tumors express similar and high levels 
of chemokine receptors important for intestinal migration 
[20] higher numbers of  CD4+ T cells migrate into the tumor. 
Apart from chemokines, adhesion molecules are also impor-
tant for migration across the endothelial border of peripheral 
organs and inflamed tissue [19]. Higher levels of functional 
selectin ligands on Th1 cells than Th2 cells have been linked 
to a difference in migration into inflammatory sites [40] and 
similar selectin ligand differences have also been observed 
among  CD4+ and  CD8+ T cells migrating into sites of skin 
infection [41]. In our  APCmin/+ model, however, no dif-
ference in expression of the E-and P-selectin ligands was 
found on the tumor-infiltrating T cells after Treg depletion. 
Furthermore, no difference in E- and P-selectin expression 
was observed on blood vessel endothelial cells after Treg 
depletion, indicating that other mechanism of T-cell recruit-
ment than selectin/selectin ligand interactions may be more 
important in the absence of Treg.

Previous studies have proposed that Treg depletion can 
promote high endothelial venule neogenesis and normali-
zation of tumor vascularity, thereby promoting increased 
T-cell infiltration [36, 37]. However, we have not observed 
changes in vascularisation in our short-term depletion 
experiments using a spontaneous tumor model [20], and 
other mechanisms for increased migration might be more 
important in our system. We previously identified one pos-
sible mechanism for the increased accumulation of TILs 
in Treg depleted mice since they harbour conventional T 
cells with an increased expression of the chemokine recep-
tor CXCR3 [20], which is preferentially expressed on Th1 
cells and  CD8+ cytotoxic T cells [42]. To further evaluate 
the importance of CXCR3 in migration to tumors, we used 
AMG487, a small molecule CXCR3 antagonist, which has 
been shown to inhibit Th1 cell migration into sites of inflam-
mation [43, 44]. In this study, AMG487 treatment signifi-
cantly reduced lymphocyte migration into both tumors and 
unaffected small intestine, with the largest difference seen 
in the tumors. In MLN and spleen, only a slight reduction 
of migration was observed, and this observation is in line 
with previous studies showing that CXCR3 is not necessary 
for migration into the spleen [45]. Furthermore, a particular 
importance of CXCR3 for migration of  CD4+ T cells into 
tumors was observed since AMG487 treated  CD4+ cells 
almost completely failed to migrate into tumors. This is the 
first time CXCR3 has been shown to be non-redundant for 
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Fig. 4  Increased blood vessel endothelial CXCL10 expression after 
Treg depletion. Frequencies of  CXCL10+ cells among blood vessel 
endothelial cells  (CD31+Podoplanin−), lymphatic endothelial cells 
 (CD31+Podoplanin+), macrophages  (MHCII+CD64+), dendritic cells 
 (MHCII+CD11c+), epithelial cells  (EpCAM+) and T cells  (CD3+) 
in Treg depleted  APCmin/+/DEREG and control  APCmin/+ mice was 
investigated by  Primeflow® RNA Assay followed by conventional 
flow cytometry in unstimulated cells. Symbols represent individual 
mice and lines represent median (n = 3–8). ** p < 0.01; Mann–Whit-
ney test
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 CD4+ T-cell migration into intestinal tumors, even though 
earlier results have indicated that CXCL9 and CXCL10 sig-
nificantly correlate to disease free survival of CRC patients, 
and also to the recruitment of memory T cells [22]. Treg 
depletion experiments showed an equally preferred migra-
tion of  CXCR3+ lymphocytes into tumors in treated as well 
as in control mice, indicating that there is no additional T 
cell recruiting mechanism acting in parallel to CXCR3-
mediated migration in the Treg-depleted tumors. Woods 
et al. [46] recently showed that CXCL9 is expressed in tumor 
endothelial cells regardless of anatomical tumor location, 
and thus the effect of Treg that we identified in intestinal 
tumors might be generalized to other tumor types as well.

To investigate how Treg affect CXCR3-mediated migra-
tion we determined which cells express the CXCR3 ligand 
CXCL10 in the tumors. In line with previous studies [21], 
we found a broad range of cells with CXCL10 expression 
in the tumors. However, when examining CXCL10 expres-
sion in Treg depleted mice, only blood vessel endothelial 
cells specifically increased their CXCL10 production after 
Treg depletion. Although macrophages are clearly impor-
tant for tumor progression [35] and also accumulate in the 
 APCmin/+ tumors, this finding would indicate that Treg pri-
marily reduce CXCL10 production by blood vessel endothe-
lial cells to avoid a Th1 type response. One may think that 
the increase in CXCL10 expressing blood vessel endothe-
lial cells is relatively modest and may not be sufficient to 
mediate the increased recruitment of T cells demonstrated 
here. However, if endothelial cells themselves produce the 

chemokine, a large part of produced protein will presumably 
be available to migrating lymphocytes, compared to when 
the chemokine is produced by underlying tissue cells such 
as macrophages and has to be endocytosed by endothelial 
cells and transported to the apical surface. Furthermore, 
small changes in chemokine production can lead to large 
shifts in immune cell accumulation. This is demonstrated 
by studies of recruitment of IgA-producing plasmablasts to 
Helicobacter pylori infected gastric mucosa. When healthy 
and infected tissue was compared, the expression of MAd-
CAM-1 and CCL25 was similar, while CCL28 produc-
tion was about doubled. Still, the recruitment of integrin 
α437+CCR9+CCR10+ IgA-secreting cells to the infected 
tissue was on average 80-fold larger than the to uninfected 
stomach [47, 48].

The accumulation of Treg in human colon cancer and 
adenomatous polyps is well reflected in the  APCMin/+ mice 
[7–11]. In addition, human Treg also inhibit T cell transen-
dothelial migration [12]. However, in mice there is only 
one isoform of CXCR3, while three different isoforms 
have been identified in humans (20). Furthermore, C57bl/6 
mice lack CXCL11 due to a point mutation [49]. Conse-
quently, we investigated if our chemokine data from the 
mouse model would correspond to human CRC, and found 
an increased expression of CXCL9, 10 and 11 in tumors 
compared to unaffected small intestinal tissue. Endothelial 
cells in human specimen were able to produce CXCL9 and 
CXCL10 in both unaffected tissue and tumor, confirming 
an endothelial origin of these chemokines in both species. 

Fig. 5  Accumulation of mac-
rophages in intestinal tumors. 
Number of cells per gram 
tissue of blood endothelial 
cells  (CD31+Podoplanin−), 
lymphatic endothelial cells 
 (CD31+Podoplanin+), mac-
rophages  (MHCII+CD64+) 
and dendritic cells 
 (MHCII+CD11c+) in Treg 
depleted  APCmin/+/DEREG 
and control  APCmin/+ mice 
investigated by flow cytometry. 
Symbols represent individual 
mice and lines represent median 
(n = 6). ** p < 0.01; Mann–
Whitney test
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Apart from mediating recruitment of protective immune 
cells, CXCL10 has been shown to reduce tumor progres-
sion independently of CXCR3. To this end, CXCL10 both 
increase the apoptotic rate of cancer cells [50] and inhibit 
endothelial cell proliferation [51]. Thus, Treg-mediated 
down-regulation of CXCL10 specifically by endothelial 
cells might give an advantage for tumors not only by avoid-
ing an immune attack, but also by increasing angiogenesis.

In conclusion, we have shown that CXCR3 signalling 
is crucial for T-cell migration into intestinal tumors. Fur-
thermore, Treg depletion in tumor-bearing mice increased 
production of CXCR3 ligands specifically in tumor blood 
vessel endothelial cells, and led to an increased T-cell 
migration into tumors. Thus, in addition to improved effec-
tor T-cell activity, another mechanism behind successful 
Treg-targeted immunotherapy may be to enhance the levels 
of CXCR3 ligands locally available in tumors, which in 

turn might increase the recruitment of cells with potent 
anti-tumor effector functions.

Author contributions Marianne Quiding-Järbrink and Paulina Akeus 
designed the study; Paulina Akeus planned, performed and analysed 
experiments; Louis Szeponik performed and analysed experiments; 
Filip Ahlmanner, Patrik Sundström and Samuel Alsén performed 
experiments, Bengt Gustavsson co-ordinated human studies, Tim Spar-
wasser contributed DEREG mice and expertise, Sukanya Raghavan 
contributed to the design and implementation of the research. Paulina 
Akeus and Marianne Quiding-Järbrink wrote the manuscript with input 
from all other authors.

Funding The Swedish Research Council, The Swedish Cancer Founda-
tion, The Sahlgrenska University Hospital, Ingabritt and Arne Lund-
bergs Foundation, Assar Gabrielsson Foundation, Byggmästare Olle 
Engkvist, Wilhelm and Martina Lundgrens Foundation.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval and ethical standards The study was approved by the 
animal ethics committee at the University of Gothenburg, approval 
number: 84/14. Guidelines was followed accordingly to Swedish ani-
mal protection laws and regulations.

Informed consent The human study was performed with the permis-
sion of the Regional Research Ethics Committee of West Sweden, 
approval number 294-15 Written and oral information was provided 
to all patients before informed consent was obtained.

Animal source APCmin/+ mice were kindly provided by Prof Sven Pet-
terson, Karolinska Institute, Stockholm and DEREG mice were created 
by Prof Tim Sparwasser, Centre for Experimental and Clinical Infec-
tion Research, Hannover, Germany.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

 1. Arnold M, Sierra MS, Laversanne M, Soerjomataram I, Jemal 
A, Bray F (2017) Global patterns and trends in colorectal cancer 
incidence and mortality. Gut 66:683–691. https ://doi.org/10.1136/
gutjn l-2015-31091 2

 2. Weitz J, Moritz K, Jurgen D, Thomas H, Galle PR, Buchler 
MW (2005) Colorectal cancer. Lancet 365:153–165. https ://doi.
org/10.1016/S0140 -6736(05)17706 -X

 3. Schell MJ, Yang M, Teer JK, Lo FY, Madan A, Coppola D, 
Monteiro ANA, Nebozhyn MV, Yue B, Loboda A, Bien-Willner 
GA, Greenawalt DM, Yeatman TJ (2016) A multigene mutation 
classification of 468 colorectal cancers reveals a prognostic role 
for APC. Nat Commun 7:11743. https ://doi.org/10.1038/ncomm 
s1174 3

unaffected tumor

10

20

30

%
 C

X
C

L9
+

 

unaffected tumor

10

20

30

%
 C

X
C

L9
+

 

unaffected tumor

10

20

30

%
 C

X
C

L1
0

+

unaffected tumor

10

20

30

%
 C

X
C

L1
0

+

unaffected tumor

10

20

30

%
 C

X
C

L1
0

+

unaffected tumor

10

20

30

%
 C

X
C

L9
+

 

unaffected tumor

10

20

30

%
 C

X
C

L9
+

 

unaffected tumor

10

20

30

%
 C

X
C

L1
0

+

B cells

Monocytes

CD8+  T cells

CD4+  T cells

unaffected tumor

10

20

30

%
 C

X
C

L9
+

 

unaffected tumor

10

20

30

%
 C

X
C

L1
0

+

Endothelial cells 

CXCL9 CXCL10

Fig. 6  Production of CXCL9 and CXCL10 by cells in human colon 
cancer. Single cell suspension was prepared from tumors and unaf-
fected human colon tissue and the frequencies of CXCL9- and 
CXCl10-producing,  CD4+ T cells,  CD8+ T cells,  CD14+ monocytes, 
 CD31+CD105+ endothelial cells and  CD19+ B cells were determined 
by flow cytometry. Symbols represent individual patient and lines 
represent median (n = 3–6)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/gutjnl-2015-310912
https://doi.org/10.1136/gutjnl-2015-310912
https://doi.org/10.1016/S0140-6736(05)17706-X
https://doi.org/10.1016/S0140-6736(05)17706-X
https://doi.org/10.1038/ncomms11743
https://doi.org/10.1038/ncomms11743


1076 Cancer Immunology, Immunotherapy (2018) 67:1067–1077

1 3

 4. Fodde R, Smits R, Clevers H (2001) APC, signal transduction and 
genetic instability in colorectal cancer. Nat rev Cancer 1:55–67. 
https ://doi.org/10.1038/35094 067

 5. Moser AR, Mattes EM, Dove WF, Lindstrom MJ, Haag JD, Gould 
MN (1993) ApcMin, a mutation in the murine Apc gene, predis-
poses to mammary carcinomas and focal alveolar hyperplasias. 
Proc Natl Acad Sci 90:8977–8981

 6. Koudougou C, Bonneville M, Matysiak-Budnik T, Touchefeu Y 
(2013) Antitumoural immunity in colorectal cancer—current and 
potential future implications in clinical practice. Aliment Pharma-
col Ther 38:3–15. https ://doi.org/10.1111/apt.12337 

 7. Le Gouvello S, Bastuji-Garin S, Aloulou N, Mansour H, Chau-
mette M-T, Berrehar F, Seikour A, Charachon A, Karoui M, Leroy 
K, Farcet J-P, Sobhani I (2008) High prevalence of Foxp3 and 
IL17 in MMR-proficient colorectal carcinomas. Gut 57:772–779. 
https ://doi.org/10.1136/gut.2007.12379 4

 8. Michel S, Benner A, Tariverdian M, Wentzensen N, Hoefler P, 
Pommerencke T, Grabe N, Knebel Doeberitz von M, Kloor M 
(2008). High density of FOXP3-positive T cells infiltrating colo-
rectal cancers with microsatellite instability. Br J Cancer 99:1867–
1873. https ://doi.org/10.1038/sj.bjc.66047 56

 9. Svensson H, Olofsson V, Lundin S, Yakkala C, Björck S, Börjes-
son L, Gustavsson B, Quiding-Järbrink M (2012) Accumulation 
of  CCR4+ CTLA-4hi  FOXP3+ CD25hi regulatory T cells in 
colon adenocarcinomas correlate to reduced activation of con-
ventional T cells. PloS One 7:e30695. https ://doi.org/10.1371/
journ al.pone.00306 95.t001

 10. Gounaris E, Blatner NR, Dennis K, Magnusson F, Gurish MF, 
Strom TB, Beckhove P, Gounari F, Khazaie K (2009) T-regula-
tory cells shift from a protective anti-inflammatory to a cancer-
promoting proinflammatory phenotype in polyposis. Cancer Res 
69:5490–5497. https ://doi.org/10.1158/0008-5472.CAN-09-0304

 11. Akeus P, Langenes V, Mentzer von A, Yrlid U, Sjöling Å, Saksena 
P, Raghavan S, Quiding-Järbrink M (2014) Altered chemokine 
production and accumulation of regulatory T cells in intesti-
nal adenomas of  APCMin/+ mice. Cancer Immunol Immunother 
8:807–819. https ://doi.org/10.1007/s0026 2-014-1555-6

 12. Sundström P, Stenstad H, Langenes V, Ahlmanner F, Theander 
L, Ndah TG, Fredin K, Börjesson L, Gustavsson B, Bastid J, 
Quiding-Järbrink M (2016) Regulatory T cells from colon cancer 
patients inhibit effector T-cell migration through an adenosine-
dependent mechanism. Cancer Immunol Res 4:183–193. https ://
doi.org/10.1158/2326-6066.CIR-15-0050

 13. Frey DM, Droeser RA, Viehl CT, Zlobec I, Lugli A, Zingg U, 
Oertli D, Kettelhack C, Terracciano L, Tornillo L (2010) High fre-
quency of tumor-infiltrating  FOXP3+ regulatory T cells predicts 
improved survival in mismatch repair-proficient colorectal can-
cer patients. Int J Cancer 126:2635–2643. https ://doi.org/10.1002/
ijc.24989 

 14. Salama P, Phillips M, Grieu F, Morris M, Zeps N, Joseph D, 
Platell C, Iacopetta B (2009) Tumor-infiltrating  FOXP3+ T 
regulatory cells show strong prognostic significance in colorec-
tal cancer. J Clin Oncol 27:186–192. https ://doi.org/10.1200/
JCO.2008.18.7229

 15. Ling KL, Pratap SE, Bates GJ, Singh B, Mortensen NJ, George 
BD, Warren BF, Piris J, Roncador G, Fox SB, Banham AH, 
Cerundolo V (2007) Increased frequency of regulatory T cells in 
peripheral blood and tumour infiltrating lymphocytes in colorectal 
cancer patients. Cancer Immun 7:7

 16. Saito T, Nishikawa H, Wada H, Nagano Y, Sugiyama D, Ata-
rashi K, Maeda Y, Hamaguchi M, Ohkura N, Sato E, Nagase 
H, Nishimura J, Yamamoto H, Takiguchi S, Tanoue T, Suda W, 
Morita H, Hattori M, Honda K, Mori M, Doki Y, Sakaguchi S 
(2016) Two FOXP3(+)CD4(+) T cell subpopulations distinctly 
control the prognosis of colorectal cancers. Nat Med 22:679–684. 
https ://doi.org/10.1038/nm.4086

 17. Blatner NR, Mulcahy MF, Dennis KL, Scholtens D, Bentrem DJ, 
Phillips JD, Ham S, Sandall BP, Khan MW, Mahvi DM, Halver-
son AL, Stryker SJ, Boller AM, Singal A, Sneed RK, Sarraj B, 
Ansari MJ, Oft M, Iwakura Y, Zhou L, Bonertz A, Beckhove P, 
Gounari F, Khazaie K (2012) Expression of RORγt marks a patho-
genic regulatory T cell subset in human colon cancer. Sci Transl 
Med 4:164ra159. https ://doi.org/10.1126/scitr anslm ed.30045 66

 18. Tosolini M, Kirilovsky A, Mlecnik B, Fredriksen T, Mauger S, 
Bindea G, Berger A, Bruneval P, Fridman WH, Pages F, Galon 
J (2011) Clinical impact of different classes of infiltrating T 
cytotoxic and helper cells (Th1, Th2, Treg, Th17) in patients 
with colorectal cancer. Cancer Res 71:1263–1271. https ://doi.
org/10.1158/0008-5472.CAN-10-2907

 19. Carman CV, Martinelli R (2015) T lymphocyte-endothelial 
interactions: emerging understanding of trafficking and antigen-
specific immunity. Front Immunol 6:603. https ://doi.org/10.3389/
fimmu .2015.00603 

 20. Akeus P, Langenes V, Kristensen J, Mentzer von A, Sparwasser 
T, Raghavan S, Quiding-Järbrink M (2015) Treg-cell depletion 
promotes chemokine production and accumulation of CXCR3(+) 
conventional T cells in intestinal tumors. Eur J immunol 45:1654–
1666. https ://doi.org/10.1002/eji.20144 5058

 21. Billottet C, Quemener C, Bikfalvi A (2013) CXCR3, a double-
edged sword in tumor progression and angiogenesis. Biochim 
Biophys Acta 1836:287–295. https ://doi.org/10.1016/j.bbcan 
.2013.08.002

 22. Mlecnik B, Tosolini M, Charoentong P, Kirilovsky A, Bindea G, 
Berger A, Camus M, Gillard M, Bruneval P, Fridman WH, Pagès 
F, Trajanoski Z, Galon J (2010) Biomolecular network reconstruc-
tion identifies T-cell homing factors associated with survival in 
colorectal cancer. Gastroenterology 138:1429–1440. https ://doi.
org/10.1053/j.gastr o.2009.10.057

 23. Yang X, Chu Y, Wang Y, Zhang R, Xiong S (2006) Targeted 
in vivo expression of IFN-gamma-inducible protein 10 induces 
specific antitumor activity. J Leukoc Biol 80:1434–1444. https ://
doi.org/10.1189/jlb.03062 12

 24. Sgadari C, Farber JM, Angiolillo AL, Liao F, Teruya-Feldstein J, 
Burd PR, Yao L, Gupta G, Kanegane C, Tosato G (1997) Mig, the 
monokine induced by interferon-gamma, promotes tumor necrosis 
in vivo. Blood 89:2635–2643

 25. Enarsson K, Lundin BS, Johnsson E, Brezicka T, Quiding-Jär-
brink M (2007)  CD4+ CD25 high regulatory T cells reduce T 
cell transendothelial migration in cancer patients. Eur J immunol 
37:282–291. https ://doi.org/10.1002/eji.20063 6183

 26. Karim BO, Karim DL (2013) Mouse models for colorectal cancer. 
Am J Cancer Res 3:240

 27. Muthuswamy RV, Sundström P, Börjesson L, Gustavsson B, 
Quiding-Järbrink M (2013) Impaired migration of IgA-secreting 
cells to colon adenocarcinomas. Cancer Immunol Immunother 
62:989–997. https ://doi.org/10.1007/s0026 2-013-1410-1

 28. Lahl K, Loddenkemper C, Drouin C, Freyer J, Arnason J, Eberl 
GER, Hamann A, Wagner H, Huehn J, Sparwasser T (2007) Selec-
tive depletion of  Foxp3+ regulatory T cells induces a scurfy-like 
disease. J Exp Med 204:57–63. https ://doi.org/10.1084/jem.20061 
852

 29. Moser AR, Luongo C, Gould KA, McNeley MK, Shoemaker AR, 
Dove WF (1995) ApcMin: a mouse model for intestinal and mam-
mary tumorigenesis. Eur J cancer 31A:1061–1064

 30. Lee M, Kiefel H, LaJevic MD, Macauley MS, Kawashima H, 
O’Hara E, Pan J, Paulson JC, Butcher EC (2014) Transcriptional 
programs of lymphoid tissue capillary and high endothelium 
reveal control mechanisms for lymphocyte homing. Nat immunol 
15:982–995. https ://doi.org/10.1038/ni.2983

 31. Lundgren A, Stro E, Sjo AS, Lindholm C, Enarsson K, Edebo A, 
Johnsson E, Suri-payer E, Larsson P, Rudin A, Svennerholm A-M, 
Lundin BS (2005) Mucosal FOXP3-expressing CD4 ϩ CD25 high 

https://doi.org/10.1038/35094067
https://doi.org/10.1111/apt.12337
https://doi.org/10.1136/gut.2007.123794
https://doi.org/10.1038/sj.bjc.6604756
https://doi.org/10.1371/journal.pone.0030695.t001
https://doi.org/10.1371/journal.pone.0030695.t001
https://doi.org/10.1158/0008-5472.CAN-09-0304
https://doi.org/10.1007/s00262-014-1555-6
https://doi.org/10.1158/2326-6066.CIR-15-0050
https://doi.org/10.1158/2326-6066.CIR-15-0050
https://doi.org/10.1002/ijc.24989
https://doi.org/10.1002/ijc.24989
https://doi.org/10.1200/JCO.2008.18.7229
https://doi.org/10.1200/JCO.2008.18.7229
https://doi.org/10.1038/nm.4086
https://doi.org/10.1126/scitranslmed.3004566
https://doi.org/10.1158/0008-5472.CAN-10-2907
https://doi.org/10.1158/0008-5472.CAN-10-2907
https://doi.org/10.3389/fimmu.2015.00603
https://doi.org/10.3389/fimmu.2015.00603
https://doi.org/10.1002/eji.201445058
https://doi.org/10.1016/j.bbcan.2013.08.002
https://doi.org/10.1016/j.bbcan.2013.08.002
https://doi.org/10.1053/j.gastro.2009.10.057
https://doi.org/10.1053/j.gastro.2009.10.057
https://doi.org/10.1189/jlb.0306212
https://doi.org/10.1189/jlb.0306212
https://doi.org/10.1002/eji.200636183
https://doi.org/10.1007/s00262-013-1410-1
https://doi.org/10.1084/jem.20061852
https://doi.org/10.1084/jem.20061852
https://doi.org/10.1038/ni.2983


1077Cancer Immunology, Immunotherapy (2018) 67:1067–1077 

1 3

regulatory T Cells in Helicobacter pylori-infected patients. Soci-
ety 73:523–531. https ://doi.org/10.1128/IAI.73.1.523

 32. Fontenot JD, Gavin MA, Rudensky AY (2003) Foxp3 programs 
the development and function of  CD4+  CD25+ regulatory T cells. 
Nature Immunol 4:330–336. https ://doi.org/10.1038/ni904 

 33. Hori S, Nomura T, Sakaguchi S (2003) Control of regulatory 
T cell development by the transcription factor Foxp3. Science 
299:1057–1061

 34. Walser TC (2006) Antagonism of CXCR3 inhibits lung metas-
tasis in a murine model of metastatic breast cancer. Cancer Res 
66:7701–7707. https ://doi.org/10.1158/0008-5472.CAN-06-0709

 35. Braster R, Bögels M, Beelen RHJ, van Egmond M (2017) The 
delicate balance of macrophages in colorectal cancer; their role 
in tumour development and therapeutic potential. Immunobiology 
222:21–30. https ://doi.org/10.1016/j.imbio .2015.08.011

 36. Hindley JP, Jones E, Smart K, Bridgeman H, Lauder SN, Ondondo 
B, Cutting S, Ladell K, Wynn KK, Withers D, Price DA, Ager A, 
Godkin AJ, Gallimore AM (2012) T cell trafficking facilitated 
by high endothelial venules is required for tumor control after 
regulatory T cell depletion. Cancer Res 72:5473–5482. https ://
doi.org/10.1158/0008-5472.CAN-12-1912

 37. Li X, Kostareli E, Suffner J, Garbi N, Hämmerling GJ (2010) 
Efficient Treg depletion induces T-cell infiltration and rejec-
tion of large tumors. Eur J Immunol 40:3325–3335. https ://doi.
org/10.1002/eji.20104 1093

 38. Teng MWL, Ngiow SF, Scheidt von B, McLaughlin N, Sparwas-
ser T, Smyth MJ (2010) Conditional regulatory T-cell depletion 
releases adaptive immunity preventing carcinogenesis and sup-
pressing established tumor growth. Cancer Res 70:7800–7809. 
https ://doi.org/10.1158/0008-5472.CAN-10-1681

 39. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M (1995) 
Immunologic self-tolerance maintained by activated T cells 
expressing IL-2 receptor alpha-chains (CD25). Breakdown of a 
single mechanism of self-tolerance causes various autoimmune 
diseases. J Immunol 155:1151–1164

 40. Austrup F, Vestweber D, Borges E, Löhning M, Bräuer R, Herz 
U, Renz H, Hallmann R, Scheffold A, Radbruch A, Hamann A 
(1997) P- and E-selectin mediate recruitment of T-helper-1 but not 
T-helper-2 cells into inflamed tissues. Nature 385:81–83. https ://
doi.org/10.1038/38508 1a0

 41. Gebhardt T, Whitney PG, Zaid A, Mackay LK, Brooks AG, 
Heath WR, Carbone FR, Mueller SN (2011) Different patterns of 
peripheral migration by memory  CD4+ and  CD8+ T cells. Nature 
477:216–219. https ://doi.org/10.1038/natur e1033 9

 42. Groom JR, Richmond J, Murooka TT, Sorensen EW, Sung JH, 
Bankert K, Andrian von UH, Moon JJ, Mempel TR, Luster AD 
(2012) CXCR3 chemokine receptor-ligand interactions in the 
lymph node optimize  CD4+ T helper 1 cell differentiation. Immu-
nity 37:1091–1103. https ://doi.org/10.1016/j.immun i.2012.08.016

 43. Jenh C-H, Cox MA, Cui L, Reich E-P, Sullivan L, Chen S-C, 
Kinsley D, Qian S, Kim SH, Rosenblum S, Kozlowski J, Fine 
JS, Zavodny PJ, Lundell D (2012) A selective and potent CXCR3 
antagonist SCH 546738 attenuates the development of autoim-
mune diseases and delays graft rejection. BMC Immunol 13:2. 
https ://doi.org/10.1186/1471-2172-13-2

 44. Xie JH, Nomura N, Lu M, Chen S-L, Koch GE, Weng Y, Rosa R, 
Di Salvo J, Mudgett J, Peterson LB, Wicker LS, DeMartino JA 
(2003) Antibody-mediated blockade of the CXCR3 chemokine 
receptor results in diminished recruitment of T helper 1 cells into 
sites of inflammation. J Leukoc Biol 73:771–780

 45. Mikucki ME, Fisher DT, Matsuzaki J, Skitzki JJ, Gaulin NB, 
Muhitch JB, Ku AW, Frelinger JG, Odunsi K, Gajewski TF, Lus-
ter AD, Evans SS (2015) Non-redundant requirement for CXCR3 
signalling during tumoricidal T-cell trafficking across tumour vas-
cular checkpoints. Nat Commun 6:7458. https ://doi.org/10.1038/
ncomm s8458 

 46. Woods AN, Wilson AL, Srivinisan N, Zeng J, Dutta AB, Peske 
JD, Tewalt EF, Gregg RK, Ferguson AR, Engelhard VH (2017) 
Differential expression of homing receptor ligands on tumor-asso-
ciated vasculature that control CD8 effector T-cell entry. Cancer 
Immunol Res 5:1062–1073. https ://doi.org/10.1158/2326-6066.
CIR-17-0190

 47. Hansson M, Hermansson M, Svensson H, Elfvin A, Hansson 
L-E, Johnsson E, Sjöling Å, Quiding-Järbrink M (2008) CCL28 
is increased in human Helicobacter pylori-induced gastritis and 
mediates recruitment of gastric immunoglobulin A-secreting cells. 
Infect Immun 76:3304–3311. https ://doi.org/10.1128/IAI.00041 
-08

 48. Mattsson A, Quiding-Järbrink M, Lönroth H, Hamlet A, Ahlstedt 
I, Svennerholm A (1998) Antibody-secreting cells in the stomachs 
of symptomatic and asymptomatic Helicobacter pylori-infected 
subjects. Infect Immun 66:2705–2712

 49. Sierro F, Biben C, Martinez-Munoz L, Mellado M, Ransohoff 
RM, Li M, Woehl B, Leung H, Groom J, Batten M, Harvey RP, 
Martinez-A C, Mackay CR, Mackay F (2007) Disrupted cardiac 
development but normal hematopoiesis in mice deficient in the 
second CXCL12/SDF-1 receptor, CXCR7. PNAS 104:14759–
14764. https ://doi.org/10.1073/pnas.07022 29104 

 50. Wang L-L, Chen P, Luo S, Li J, Liu K, Hu H-Z, Wei Y-Q (2009) 
CXC-chemokine-ligand-10 gene therapy efficiently inhibits the 
growth of cervical carcinoma on the basis of its anti-angiogenic 
and antiviral activity. Biotechnol Appl Biochem 53:209–216. https 
://doi.org/10.1042/BA200 90012 

 51. Campanella GSV, Colvin RA, Luster AD (2010) CXCL10 can 
inhibit endothelial cell proliferation independently of CXCR3. 
PloS one 5:e12700. https ://doi.org/10.1371/journ al.pone.00127 00

https://doi.org/10.1128/IAI.73.1.523
https://doi.org/10.1038/ni904
https://doi.org/10.1158/0008-5472.CAN-06-0709
https://doi.org/10.1016/j.imbio.2015.08.011
https://doi.org/10.1158/0008-5472.CAN-12-1912
https://doi.org/10.1158/0008-5472.CAN-12-1912
https://doi.org/10.1002/eji.201041093
https://doi.org/10.1002/eji.201041093
https://doi.org/10.1158/0008-5472.CAN-10-1681
https://doi.org/10.1038/385081a0
https://doi.org/10.1038/385081a0
https://doi.org/10.1038/nature10339
https://doi.org/10.1016/j.immuni.2012.08.016
https://doi.org/10.1186/1471-2172-13-2
https://doi.org/10.1038/ncomms8458
https://doi.org/10.1038/ncomms8458
https://doi.org/10.1158/2326-6066.CIR-17-0190
https://doi.org/10.1158/2326-6066.CIR-17-0190
https://doi.org/10.1128/IAI.00041-08
https://doi.org/10.1128/IAI.00041-08
https://doi.org/10.1073/pnas.0702229104
https://doi.org/10.1042/BA20090012
https://doi.org/10.1042/BA20090012
https://doi.org/10.1371/journal.pone.0012700

	Regulatory T cells control endothelial chemokine production and migration of T cells into intestinal tumors of APCmin+ mice
	Abstract
	Introduction
	Materials and methods
	Mouse strains and breeding
	In vivo Treg depletion
	Mouse lymphocyte isolation
	Adoptive transfer
	Colon cancer patients, specimen collection and cell isolation
	Flow cytometry
	RNA and DNA isolation and quantitative PCR
	Statistical analysis

	Results
	T-cell migration to tumors after Treg depletion
	Selectin expression after Treg depletion
	Lymphocyte migration into tumors after CXCR3-blocking
	Identification of CXCL10-expressing cells after Treg depletion
	Production of CXCL9 and CXCL10 in human colon tumors

	Discussion
	References


