
Microenvironment and Immunology

Basophils Promote Tumor Rejection via
Chemotaxis and Infiltration of CD8þ T Cells
Ibrahim M. Sektioglu1, Rafael Carretero1, Nadja Bulbuc1, Tobias Bald2, Thomas T€uting2,
Alexander Y. Rudensky3, and G€unter J. H€ammerling4

Abstract

Elevated numbers of regulatory T cells (Treg) in patient tumors
are known to inhibit efficient antitumor T-cell responses. To
study the mechanisms controlling tumor rejection, we assessed
different mouse models for Treg depletion. In Foxp3DTR knock-
in mice, about 99% Treg depletion was achieved, resulting in
complete rejection of transplanted HCmel12 melanomas in a
CD8þ T-cell–dependent way. In contrast, about 90% Treg deple-
tion obtained in BAC transgenic Foxp3.LuciDTR4 mice failed to
induce complete rejection of HCmel12 melanomas, demonstrat-
ing that residual Tregs were able to control CD8þ T-cell responses
against the tumor. Ninety-nine percent of Treg depletion pro-

voked drastic changes in the tumor microenvironment, such as
strong infiltration of CD8þ T cells and basophils. Intratumoral
basophils enhanced CD8þ T-cell infiltration via production
of chemokines CCL3 and CCL4; antibody-based blocking
of these chemokines inhibited CD8þ T-cell infiltration. Ther-
apeutic induction of basophilia by IL3/anti-IL3 antibody com-
plexes, combined with transfer of CD8þ T cells, resulted in
enhanced T-cell infiltration and tumor rejection. Our study
identifies a critical role basophils play in tumor rejection and
that this role can be exploited for therapeutic intervention.
Cancer Res; 77(2); 291–302. �2016 AACR.

Introduction
The success of clinical cancer immunotherapy is frequently

hampered by the composition of the tumor microenvironment,
which is usually characterized by accumulation of immunosup-
pressive cell populations, such as regulatory T cells (Treg), that
block generation of efficient T-cell responses. In addition, tumors
contain large amount of innate immune cells, which show func-
tional plasticity depending on the cues in the tumor microenvi-
ronment and which are involved in regulation of adaptive
immune responses against cancer. For example, macrophages
and eosinophils have been found to locally control T-cell–medi-
ated tumor immunity (1, 2).

Basophils are circulating granulocytes that comprise less than
1% of peripheral blood leukocytes. Owing to recently established
basophil-depleting antibodies and basophil-deficient mouse
models, new roles for basophils have been identified over the
past years in allergic reactions (3–7), promotion of humoral and
cell-mediated memory immune responses (8, 9), regulation of
Th2 cell responses (10–12), and in protective immunity against
multicellular parasites such as helminths (7, 13) and ticks (14).

Interestingly, basophilia is often observed in patients with
hematologic malignancies such as acute myelogenous leukemia,
accelerated chronic myeloid leukemia and myelodysplastic syn-
drome (MDS; refs.15–19). Several reports have demonstrated that
basophilia is associatedwith reduced survival inMDSand chronic
myelogenous leukemia patients (18, 20). Furthermore, lung
cancer patients were found to harbor elevated numbers of baso-
phils in their peripheral blood (21). However, despite the
advances in understanding of the in vivo functions of basophils,
their precise role in cancer is largely unclear.

In previous studies, our group has shown that approximately
90% to 95% Treg depletion in tumor-bearing Foxp3.LuciDTR4
mice unleashed CD8þ T-cell responses against the tumor, result-
ing in complete rejection of immunogenic melanomas, that is,
B16 expressing ovalbumin (OVA), whereas approximately 70%
Treg depletion in Foxp3.LuciDTR3 mice or with anti-CD25 anti-
body was ineffective (22). Here, we investigated the effect of Treg
depletion on the response against non-modified melanoma
tumors, which were of low immunogenicity and, therefore, more
difficult to reject. For this purpose, twodifferent Foxp3DTR strains
of mice were used, namely Foxp3DTR knock-in mice in which
approximately 99% Tregs can be depleted, and BAC transgenic
Foxp3.LuciDTR4 mice in which approximately 90% to 95% Treg
depletion can be obtained. Surprisingly, approximately 90% to
95% depletion in Foxp3.LuciDTR4 mice resulted in only partial
regression of non-modified melanomas, but when the level of
Treg depletion increased to approximately 99% using Foxp3DTR

mice, complete rejection of tumors was observed. This rejection
was found to be dependent on both chemoattractant-producing
basophils and CD8þ T cells.

Materials and Methods
Mice

C57BL/6N mice, bacterial artificial chromosome (BAC) trans-
genic Foxp3.LuciDTR-4 mice (23), knock-in Foxp3DTR mice (24)
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and OT-I mice (with transgenic expression of T-cell receptor
specific for the ovalbumin amino acids 257–264 epitope and
restricted to MHC class I; ref. 25) were bred at the central animal
facility of the German Cancer Research Center and held under
specific pathogen–free conditions. 6- to 10-week-old mice were
used for experiments. Experiments were conducted according to
governmental and institutional guidelines and regulations
(Regierungspr€asidium Karlsruhe, permit no. 35-9185.81/G98/
08 and 35-9185.81/G206/12). The number of mice per group
was confirmed by the statistical department of the Deutsches
Krebsforschungszentrum (DKFZ).

Tumor challenge and cell depletion in mice
HCmel12 melanoma, B16 melanoma, and ovalbumin-expres-

sing B16 melanoma (B16-OVA) were used. The HCmel12 mel-
anoma line, which had been derived from genetically modified
Hgf-Cdk4 mice that develop cutaneous melanoma (26, 27), was
received in 2011. The B16 melanoma line and the B16-OVA
melanoma line were obtained in 1985 and 1990, respectively,
and were regularly tested by qPCR analysis for expression of
melanoma markers gp100, MART-1 and tyrosinase. For tumor
induction, 1 � 106 HCmel12, B16 and B16-OVA melanoma cell
lines were injected intradermally into the right flank. Tumor
size was measured with a caliper every 2 to 3 days, and tumor
volume was calculated according to the formula: volume¼ 0.5�
length � width2. Mice were killed when the tumor volume
reached 2,000 mm3.

For depletion of Treg cells, Foxp3.LuciDTR-4 and Foxp3DTR

mice received two intraperitoneal injections of 20 ng per gram
body weight of diphtheria toxin (DT; Sigma-Aldrich). Treg
depletion was initiated 12–14 days after tumor injection, when
tumors exhibited a volume of 250–500 mm3. For depletion of
basophils, 10 mg anti-FceRI antibody (eBiosciences, Clone:
MAR-1) was injected intraperitoneally 0, 2, 3, 4 and 6 days
after Treg depletion. V For depletion of CD8þ T cells, CD4þ

T cells and natural killer (NK) cells mice were injected intra-
peritoneally 0, 3, 6 days after Treg depletion with 500 mg anti-
CD8 antibody (BioXCell, Clone 2.43), 1 mg anti-CD4 antibody
(BioXCell, Clone GK1.5) and 1 mg anti-NK1.1 antibody (BioX-
Cell, Clone PK163-3-6), as described previously (22). Eosino-
phils were depleted with anti–Siglec-F antibody (R&D Systems)
as described previously (2).

Treg isolation and adoptive Treg transfer
For adoptive transfer, isolated splenocytes were resuspended in

MACS buffer. CD4þ CD25þ Tregs were sorted using the Treg
Magnetic Isolation Kit (Miltenyi Biotec) and injected intratumo-
rally 2 days after Treg depletion.

Tumor isolation
Tumors were analyzed at the onset of tumor rejection, usually

days 16 to 18, 4 days after the depletion of Tregs or 2 days after the
transfer of CD8þ T cells. In general, at the onset of rejection, tumor
volumes were similar.

Tumor cell population analyses, flow cytometry, and cell
sorting

Tumors cells were isolated using digestion with collagenase IV
and DNase I as described previously (2, 22). Cells were then
stained with the following fluorochrome-conjugated antibodies
anti-CD3 (145-2C11), anti-CD8 (53-6.7), anti-IgE (R35-72),

anti-NK1.1 (PK136), anti–IFN-g (XMG1.2), and anti-TNF
(MP6-XT22; all from BD Biosciences); anti-Siglec-F (E50-2440),
anti-CD117 (2B8), anti-CD49b (DX5), anti-FceRI (MAR-1), anti-
CD19 (1D3) and anti-CD90.1 (HI551; all from eBioscience); and
anti-CD4 (GK1.5), anti-I-A/I-E (M5/114.15.2), anti-Gr-1 (RB-6-
8C5), anti-F4/80 (BM8) and anti-CD200R3 (Ba13; all from
Biolegend). Propidium iodide (Sigma-Aldrich) was used as a
viability dye. Labeled cells were analyzed on a FACSCanto II flow
cytometer (BD Biosciences) and evaluated with FlowJo Mac
software, version.8.2 (TreeStar). Basophils were sorted from
tumors, using a FACSAria II (BD Biosciences).

Quantitative RT-PCR analysis of sorted basophils
RNA from basophils sorted by flow cytometry (purity >95%)

was isolated with an RNeasy Micro kit (Qiagen), followed by
cDNA synthesis with an iScript cDNA Synthesis Kit (Bio-Rad) and
analyzed by real-time PCR as described previously (2). Results
were calculated by the change-in-cycling-threshold (DDCt) meth-
od as follows (relative to the control gene Gapdh, encoding
glyceraldehyde phosphate dehydrogenase): �DDCt ¼ 2 � DCt

sample� DCt biggest Ct, where DCt¼ Ct target mRNA� CtGapdh
mRNA.

Basophil purification and in vitro activation
Bone marrow cells were cultured in complete RPMI1640

medium supplemented 2 ng/mL mouse recombinant IL3 (R&D
Systems) for 10 days. Basophils were purified on a quadro-
MACS using CD49b microbeads (Miltenyi Biotec) and activat-
ed with 2 ng/mL IL3 and 50 ng/mL mouse recombinant IL18
plus 100 ng/mL mouse recombinant IL33 (all from R&D
Systems).

In vitro activation of OT-I CD8þ T cells and adoptive transfer
Adoptive cell transfer was performed as described previously

(2). Briefly, splenocytes and lymph node cells from transgenic
OT-I mice expressing anOVA specific TCRwere stimulated in vitro
with10U/mLof recombinant IL2 and25nmol/L SIINFEKL. Three
days after activation mice received intravenously 2.5 � 106

activated CD8þ T cells.

In vitro CD8þ T-cell migration assay
Migration of activated OT-I CD8þ T cells was analyzed using

96-well Transwell plates with a 5-mm-pore size (Corning Life
Sciences). The bottom chamber was loaded with 1 � 106

basophils in RPMI1640 medium supplemented with 0.2%
FCS. Activated OT-I CD8þ T cells (1 � 105) were added in
50 mL to the top chamber. After 18 hours of incubation at 37�C,
the content of the lower compartment carefully pipetted and
was transferred into 96-well plates for FACS staining in the
presence of a defined number of microbeads. Migration rate
was calculated using the formula: migration rate ¼ 100 �
(number of CD8þ cells from bottom chamber/number of
beads)/(number of CD8þ T cells from input sample/number
of beads). For chemokine blockade, neutralizing antibodies
against CCL3 and CCL4 (R&D Systems) were added to the
bottom chamber.

IL3/anti-IL3 antibody complex injection
Ten micrograms of IL3 (PeproTech) was mixed with 5 mg

anti-IL3 antibody (BD Biosciences) at room temperature for one
minute as described previously (28). Two-hundred microliters of
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the mixture were injected into mice intravenously when tumors
reached a size of 200 to 400 mm3.

Chemokine blockade
For in vivo blockade, anti-CCL3 anti-CCL4 or rat IgG2a as

(R&D Systems) isotype control was injected intraperitoneally
(250 mg/mouse) every three days after OT-I CD8þ T-cell
transfer.

Multiplex cytokine analysis
Tumor tissue and purified basophils were lysed with a Bio-Plex

Cell Lysis Kit (Bio-Rad) and processed as described previously
(29). Cytokines were quantified with multiplex protein array
according to the manufacturer's protocol (Bio-Rad).

Statistical analysis
Comparisons between two groupswere assessed by the Student

t test, comparisons of tumor-growth curves by ANOVA, and
survival studies by Kaplan–Meier curves and log-rank (Mantel-
Cox) test. Data were analyzed with Prism 6 software (GraphPad).
P values lower than 0.05 were considered statistically significant.
�, P < 0.05; ��, P < 0.01; ���, P < 0.001; ns, not statistically
significant.

Results
A small number of Tregs prevents complete CD8þ T-cell–
mediated rejection of tumors

First, the degree of Treg depletion in Foxp3DTR and Foxp3.
LuciDTR4models was compared one day after intraperitoneal DT
application. DT application in Foxp3.LuciDTR4 mice resulted in
about 92% Treg depletion in the tumor, 95%depletion in td-LNs,
92% depletion in spleen, and 80% depletion in blood, whereas
DT treatment of Foxp3DTR mice led to 99% depletion in the
tumor, 99% depletion in td-LNs, 99% depletion in spleen, and
90% depletion in blood (Fig. 1A; Supplementary Fig. S1). In
Foxp3.LuciDTR4 mice bearing tumors of about 250 to 500 mm3

volume approximately 90% to 95% Treg depletion in Foxp3-
LuciDTR4 mice resulted only in partial regression of HCmel12
tumors (Fig. 1B) and slightly prolonged the survival (Fig. 1C). In
contrast, approximately 99%Treg depletion in Foxp3DTRmice led
to complete tumor regression (Fig. 1B) and complete survival
(Fig. 1C). In the case of non-modified B16 melanoma, approx-
imately 90% to 95% Treg depletion did not impact on tumor
growth and survival, whereas 99% Treg depletion induced com-
plete tumor rejection (Supplementary Fig. S2A and S2B). These
results show that the remaining approximately 5% to 10% Tregs
in Foxp3.LuciDTR4mice are able to prevent complete rejection of

Figure 1.

Treg depletion in Foxp3DTR mice, but
not Treg depletion in Foxp3.LuciDTR4
mice, induced complete rejection of
established HCmel12 tumors. Tregs
were depleted in HCmel12 tumor-
bearing wild-type B6 (WT), Foxp3.
LuciDTR4 and Foxp3DTR mice with DT
when tumors had reached a size of
250–500mm3 (12–14 days after tumor
inoculation). A, Flow cytometric
analysis of CD4þ Foxp3þ Tregs in
tumors 1 day after DT application.
B, Growth of HCmel12 tumors in mice
after treatment with DT on the
indicated days. C, Kaplan–Meier
survival curves of mice shown in
B. D, Growth of HCmel12 tumors after
depletion of Tregs with DT and
additional depletion of CD4þ T cells,
CD8þ T cells, and NK cells with specific
antibodies. Data are mean � SEM
of 6 mice per group from one
representative out of two
independent experiments shown.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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tumors. This result was confirmed by transfer of titrated numbers
of splenic Tregs from wt mice into Foxp3DTR 2 days after DT
application. Transfer of 2 � 104 or 2 � 105 Tregs prevented
complete eradication of HCmel12 tumors following Treg deple-
tion, whereas with 2 � 103 Tregs, impairment of tumor rejection
was obtained in only 3 of 6 mice (Supplementary Fig. S3).

For identification of the effector cell subpopulation required
for HCmel12 tumor rejection after Treg depletion in Foxp3DTR

mice, CD8þ T, CD4þ T, or NK cells were depleted with specific
antibodies. Ablation of CD8þ T cells abolished Treg depletion-
mediated tumor eradication, whereas CD4þ T-cell and NK-cell
depletion hadno effect (Fig. 1D). Thus, CD8þ T cells are pivotal in

Figure 2.

Treg depletion in Foxp3DTRmice led to strong infiltration of leukocytes into tumors, notably CD8þ T cells and basophils. Flow cytometric analysis of tumor-infiltrating
cells was performed 4 days after DT application. A, The percentage of lymphocytes among leukocytes infiltrating HCmel12 tumors following Treg depletion.
B, The percentage of innate cells among tumor-infiltrating leukocytes. C, The percentage of granulocytes among tumor-infiltrating leukocytes. Data are
mean � SEM of 12 mice per group. Shown are combined data from two independent experiments. D, Flow cytometric analysis of HCmel12-infiltrating basophils
characterized as CD45intFceRIþCD49bIgEþc-Kit� cells. E, qRT-PCR analysis of CD45þFceRIþCD49bþ basophils sorted from HCmel12 tumors after Treg depletion
for basophil-specific marker Mcpt8. Data are shown as mean� SEM of 12 mice per group as data combined from two independent experiments. F, Giemsa staining
of CD45þFceRIþCD49bþ basophils sorted from HCmel12 tumors after Treg depletion. � , P < 0.05; ��, P < 0.01; ���, P < 0.001; ns, not statistically significant.
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HCmel12 and B16 melanoma rejection induced by Treg
depletion.

Treg depletion in Foxp3DTR mice induces basophil recruitment
into the tumor

Next, immune cell infiltrates in HCmel12 tumors were inves-
tigated following Treg depletion when the size of tumors was still
in the same range, namely about 250 to 500 mm3. Flow cyto-
metric analysis showed that CD8þ T cells were specifically
enriched in both Foxp3.LuciDTR4 and Foxp3DTR models, but the
level of infiltration was much stronger in the latter (Fig. 2A).
Interestingly, tumor basophilia was observed after Treg depletion,
but only in Foxp3DTR mice, whereas tumor eosinophilia was
apparent in both mouse models (Fig. 2C). In both models, only
a small degree of mast cell infiltration was found (Fig. 2C).
In conclusion, Treg depletion induced infiltration of several
leukocyte subpopulations in both mouse models, especially
CD8þ T cells, but basophils were only enriched in the tumors of
FoxpDTR mice.

Basophils were identified in the tumor as CD45int cells expres-
sing FceRI (high-affinity IgE receptor) andCD49b (Fig. 2D). These
markers are expressed on both basophils and mast cells, but
basophils can be differentiated by the lack of c-Kit
(CD117; Fig. 2D). In addition, tumor-infiltrating basophils were
IgEþ (Fig. 2D), indicating that the basophils were activated,

because IgE is known to be a potent stimulator of basophils
through FceRI signaling. RT-PCR analysis of sorted tumor-infil-
trating cells demonstrated that CD45þ FceRIþ CD49bþ but not
CD45þ FceRI� CD49b� cells and CD45� cells strongly expressed
mast cell protease 8 (Mcpt8)mRNA, today also known as Basoph8,
because it is a marker specific for basophils but not for mast cells
(Fig. 2E). Moreover, sorted tumoral CD45þ FceRIþ CD49bþ cells
showed the characteristic basophil morphology with a lobulated
nucleus and basophilic granules (Fig. 2F).

Basophils are essential for efficient tumor rejection
in Foxp3DTR mice

The selective enrichment of basophils in Foxp3DTR mice fol-
lowing Treg depletion prompted us to study the role of basophils
in antitumor responses. Basophils were efficiently depleted
in tumors of Foxp3DTR mice using the FceRI-specific antibody
(MAR-1; Fig. 3A; ref. 5). Importantly, basophil depletion pre-
vented the rejection of HCmel12 tumors (Fig. 3B and C). These
data demonstrated that basophils were required for tumor
eradication following Treg depletion. Basophil depletion was
found to lead to a marked reduction in infiltration of CD8þ T-
cells, CD4þ T-cells, NK cells and macrophages (Fig. 3D). The
majority of infiltrating CD8þ T cells displayed an activated
phenotype with expression of IFN-g and TNF before and after
basophil depletion (Fig. 3E). The requirement for basophils in

Figure 3.

Basophil depletion impairs T-cell
infiltration and rejection of HCmel12
tumors obtained after Tregdepletion in
Foxp3DTR mice. A, Representative
flow cytometric analysis of
CD45þCD200R3þCD49bþ basophils in
tumors before and after depletion
with anti-FceRI antibody MAR-1.
B, Growth of HCmel12 tumors after
Treg depletion combined with ablation
of basophils by anti-FceRI antibody
MAR-1. C, Kaplan–Meier survival curves
of mice shown in B. Data are shown as
mean � SEM of 6 mice per group
from one representative out of
three independent experiments.
D, Quantification by flow cytometry of
leukocyte subpopulation infiltration
into HCmel12 tumors. E, The
percentageof IFNg and TNF-producing
CD8þ T cells following Treg and
basophil depletion. Shown are
combined data from three
independent experiments as mean �
SEM of 17 mice per group. �, P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ns, not
statistically significant.
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Treg depletion-mediated tumor rejection was confirmed in an
additional tumor system, namely B16 melanoma (Supplemen-
tary Fig. S4A, S4B, and S4C). These findings show that basophils
play an essential role in antitumor immune responses induced by
Treg depletion in Foxp3DTR mice.

Basophils promote CD8þ T-cell migration into the tumor
through production of chemokines CCL3 and CCL4

So far analysis of the tumor microenvironment was performed
on day 4 after Treg depletion. To see whether basophils migrate
into tumors before CD8þ T cells, immune infiltrates in HCmel12
tumors were analyzed 2 days after DT treatment (Fig. 4A–C). Two
days after Treg depletion, strong infiltration by basophils but no
increase of CD8 T-cell infiltration was found (Fig. 4A and C).
Kinetic studies confirmed that basophil infiltration preceded
CD8þ T-cell infiltration (Fig. 4D and E). Next, the chemokine
profile of the tumormicroenvironment was examined 2 days after
Treg depletion. RT-PCR analysis revealed that the expression of
chemokines Ccl3 and Ccl4 but not Ccl2, Ccl5, Ccl7, Ccl11, Ccl12,
Ccl19, Ccl20, Ccl22, Ccl24, Cxcl9, and Cxcl10 was upregulated
(Fig. 5A). CD45þFceRIþCD49bþ basophils sorted from Treg-
depleted tumors were found to express high levels of Ccl3 and
Ccl4, but not CD45þ FceRI� CD49b� or CD45� cells (Fig. 5B),

whereas basophil depletionwithMAR-1 antibody downregulated
Ccl3 and Ccl4 (Supplementary Fig. S5B). Because the tumor
basophils are the only cell type expressing FceRI (Supplementary
Fig. S5A), these data show that basophils are a critical source for
CCL3 and CCL4, which are known to be potent CD8þ T-cell
chemoattractants.

On the basis of these results, we investigated whether CD8þ

T cells were attracted into tumors by basophil-derived CCL3
and CCL4. Bone marrow–derived basophils were generated
in the presence of IL3 and found to secrete CCL3 and CCL4
when stimulated with a combination of IL3, IL18, and IL33
(Fig. 5C), in agreement with previous findings (30, 31). Using
a two-chamber system, we observed that basophils activated with
IL3þIL18þIL33 induced migration of activated CD8þ T cells, but
not basophils activated with IL3 alone (Fig. 5D). Blocking of
CCL3 and CCL4 with a cocktail of specific antibodies abrogated
CD8þ T-cell migration (Fig. 5D). These findings indicate that
basophils attract CD8þ T-cells by secretion of CCL3 and CCL4,
thereby providing an explanation for the decreased infiltration of
CD8þ T cells into Treg-depleted tumors in the absence of
basophils.

Next, we addressed the molecular mechanism of basophil
infiltration into the tumor after Treg depletion. Cytokines,

Figure 4.

Infiltration by basophils precedes infiltration by CD8þ T cells into HCmel12 tumors after Treg depletion in Foxp3DTR mice. Flow cytometric analysis of tumor-
infiltrating cells was performed 2 days after DT application. A, The percentage of lymphocytes among leukocytes infiltrating HCmel12 tumors. B, The percentage of
innate cells among tumor-infiltrating leukocytes. C, The percentage of granulocytes among tumor-infiltrating leukocytes. Shown are combined data
from two independent experiments as mean � SEM of 12 mice per group. Kinetics of basophil (D) and CD8þ T-cell infiltration (E) into tumors after Treg
depletion. Shown are combined data from two independent experiments as mean � SEM of 12 mice per group. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns,
not statistically significant.
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including IL3, IL5, IL18, IL25, IL33, granulocyte macrophage
colony-stimulating factor (GM-CSF) and thymic stromal lym-
phopoietin (TSLP), are implicated in basophil development,
recruitment and effector functions. RT-PCR analysis showed
that Il-3 was strongly induced in tumors 2 days after Treg
depletion in Foxp3DTR but not in Foxp3.LuciDTR4 mice
(Fig. 6A). Il-3 expression was upregulated with a maximum at
day 4 but only in the tumor and not in other organs such as
spleen, td-LN and lung (Fig. 6B and C), demonstrating that
tumor-specific production of IL3 correlated with recruitment of
basophils.

Previously, we have reported that 90% Treg depletion-medi-
ated rejection of B16-OVA tumors in Foxp3.LuciDTR4 mice was
dependent on tumor-infiltrating eosinophils, which produced the
T-cell attractants CCL5, CXCL9, and CXCL10 (2). Because in the
present study we observed not only basophilia but also eosino-
philia in HCmel12 tumors after 99% Treg depletion (Fig. 2C), we

depleted eosinophils but no effect on tumor rejection was found
(Supplementary Fig. S6A and S6B).

IL3/anti-IL3 antibody complex-induced basophilia enhances
infiltration of tumor-specific CD8þ T cells

Next, we induced expansion of basophils in tumor-bearing
mice by administration of IL3/anti-IL3 antibody complexes (28).
We observed basophilia in tumors, blood, lungs, and spleens
but not in td-LNs, whereas eosinophils and mast cells were
not affected (Fig. 7A; Supplementary Fig. S7A). Similar to the
observations made after Treg depletion, tumor-associated baso-
philia correlated with increased intratumoral expression of
CCL3 and CCL4 after treatment with IL3/anti-IL3 antibody com-
plexes (Fig. 7B). Investigation of the tumor microenvironment
showed that among chemokines and cytokines onlyCcl3, Ccl4, Il-
4, and Il-13 were upregulated following treatment with IL3/anti-
IL3 antibody complexes Supplementary Fig. S7B and S7C).

Figure 5.

Basophil-derived chemokines, CCL3 and CCL4, induce CD8þ T-cell migration into HCmel12 tumors. A, qRT-PCR analysis of chemoattractants in tumors 2 days after
Treg depletion. B, qRT-PCR analysis of chemokines in CD45þFceRIþCD49bþ basophils, CD45þFceRI�CD49b� cells, and CD45� cells sorted from tumors
2 days after Treg depletion. C, Multiplex analysis of chemokines produced by basophils cultured in vitro stimulated with IL3 only or with IL3 plus IL18 plus IL33.
Data are shown as mean� SEM of four samples from one representative experiment. D, Basophils treated with IL3þIL18þIL33 induce migration of CD8þ T cells in a
two-chamber system and inhibition of migration by specific antibodies against CCL3 and CCL4. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not statistically significant.
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Immunotherapy based on adoptive transfer of tumor-specific T-
cells is now a clinical option for cancer patients, but its success is
still limited (32). We examined whether or not tumor-associated
basophilia would improve the efficacy of T-cell therapy against
B16 melanoma-expressing ovalbumin (B16-OVA). Transfer of
ovalbumin-specific CD8þ T cells alone, which are derived from
TCR-transgenic OT-I mice, only slightly influenced tumor growth
and survival (Fig. 7C and D). When transfer of OT-I CD8 T cells
was combined with induction of basophilia by injection of IL3/
anti-IL3 antibody complexes, tumor growth was substantially
inhibited and the survival of tumor-bearing mice prolonged (Fig.
7C and D).

CD8þ T cells infiltrated the tumors only scarcely after OT-I
CD8þ T-cell transfer alone but strongly after combination with
IL3/anti-IL3 antibody complexes (Fig. 7E). Moreover, in vivo
blockade of CCL3 and CCL4 impaired CD8þ T-cell infiltration
and tumor rejection (Fig. 7C–E). Among the tumor infiltrating-
granulocytes, only basophils were enriched after combination
therapy in the tumor but not eosinophils, neutrophils, and mast
cells (Supplementary Fig. S8A, S8B, and S8C). CCL3/4 blocking
was found to have no impact on IL3/anti-IL3 antibody complex-
induced tumor-associated basophilia (Supplementary Fig. S8C).
Together, these results indicate that in vivo induced basophilia
promotes recruitment of T cells into tumors via production of
CCL3 and CCL4.

Discussion
Tregs are abundantly present in a wide range of human tumors

and a high density of Tregs is often associated with a poor clinical
outcome (33). Tregs have been shown to potently block antitu-

mor immune responses (33). In the present study, HCmel12 and
B16 melanoma cell lines were used to analyze the effect of
different degrees of Treg depletion on the growth of tumors
displaying lower immunogenicity. Surprisingly, approximately
90% depletion in Foxp3.LuciDTR4 mice resulted in only partial
regression of HCmel12 tumors and had little effect on the growth
of B16 tumors. However, when the level of Treg depletion
increased to approximately 99% using Foxp3DTR mice, complete
rejection of HCmel12 and B16 tumors was observed. HCmel12
and B16 tumors produce melanocyte self-antigens, including
Melan-A/MART-1, gp100, tyrosinase, tyrosinase-related protein-
1 (TRP-1), and TRP-2 (data not shown), which induce only low-
avidity T-cell responses due to tolerancemechanisms. Low-avidity
T-cell responses reject tumors less efficiently than high-avidity T-
cell responses elicited against foreign antigens, such as ovalbumin
expressed by B16-OVA tumors. It seems that the few remaining
Tregs in Foxp3.LuciDTR4mice can suppress such T-cell responses
directed against self-antigens. In contrast, when almost all Tregs
are removed, peripheral tolerance mechanisms against self-anti-
gens appear to collapse, resulting in efficient regression of
HCmel12 and non-modified B16 tumors. Moreover, after 99%
Treg depletion more T cells infiltrated the tumors than after 90%
depletion, which may also help to explain why tumors of low
immunogenicity are rejected, such as wt B16 or HCmel12 mel-
anoma. In agreement with this, Treg-depleted Foxp3DTR mice
displayed vitiligo-like depigmentation in the tumor rejection area
(data not shown), similar to the depigmentation observed in
melanomapatients receiving immunotherapy. In fact, in the clinic
vitiligo is regarded as an indicator for an anti-tumor response.

Basophils are present in many animal species. Inmammalians,
they account for <1%of peripheral blood leukocytes. Despite this

Figure 6.

IL3 expression in HCmel12 tumors after
Treg depletion in Foxp3DTR but not in
Foxp3.LuciDTR4 mice. A, qRT-PCR
analysis of cytokines in HCmel12
tumors 2 days after Treg depletion.
B, qRT-PCR analysis of IL3 in tumors,
spleens, tumor-draining lymph nodes
(td-LN). C, Kinetics of IL3 expression in
tumors after Treg depletion in
Foxp3DTR mice. Combined data from
two independent experiments are
shown as mean � SEM of 6 mice per
group. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001; ns, not statistically
significant.
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low frequency, they play important roles in pathological situa-
tions such as allergic reactions, protective immunity against
parasites, and regulation of acquired immunity (34). Basophils

can be selectively recruited to inflamed tissues in response to
injury, assault or infection, which can be mediated by a variety of
cytokines that are implicated in homeostatis and activation of

Figure 7.

Combination therapy of tumor-specific CD8þ T cells together with IL3/anti-IL3 antibody complexes leads to tumor rejection in a CCL3/4 dependent way.Wild-type
C57BL/6N mice bearing B16-OVA tumors of 250–500 mm3 volume (22–24 days after intradermal tumor inoculation) were injected intravenously with a
mixture of mouse recombinant IL3 (10 mg/mouse) and anti-IL3 antibody (5 mg/mouse) and analyzed 3 days later. A, Percentage of basophils, eosinophils, and mast
cells in tumors calculated byflowcytometry. Combineddata from two independent experiments are shownasmean�SEMof 10mice per group.B,Multiplex analysis
of CCL3 and CCL4 in tumor lysates of mice treated with IL3/anti-IL3 antibody complex or left untreated. Data are shown as mean � SEM of 5 mice from one
representative experiment. C, B16-OVA tumor growth after intravenous injection of IL3/anti-IL3 antibody complex alone, activated OT-I CD8þ T cells alone,
IL3/anti-IL3 antibody complex plus activated OT-I CD8þ T cells, and IL3/anti-IL3 antibody complexes plus activated OT-I CD8þ T cells, with antibodies against
CCL3 and CCL4. D, Kaplan–Meier survival curves of mice shown in C. Shown is one representative out of two independent experiments as mean � SEM of
6 mice per group. E, OT-I CD8þ T-cell infiltration into tumors after treatment with IL3/anti-IL3 antibody complexes and transfer of Thy1.1þ OT-I CD8þ T cells. Data
combined from two experiments are shown as mean � SEM of 10 mice per group. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not statistically significant.

Basophils Contribute to CD8þ T-cell–Mediated Tumor Rejection

www.aacrjournals.org Cancer Res; 77(2) January 15, 2017 299

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/77/2/291/2760095/291.pdf by guest on 31 O

ctober 2025



basophils. IL3 was shown to induce infiltration of basophils into
lymph nodes after helminth infection (35, 36), whereas TSLPwas
observed to mediate accumulation of basophils in the skin in a
model of atopic dermatitis (37). Interestingly, we observed that
IL3 expressionwas upregulated in the tumormicroenvironment 2
days after 99%Tregdepletion in Foxp3DTRmice, but not after 90%
to 95% Treg depletion in Foxp3.LuciDTR4 mice. Thus, the small
number of Tregs surviving depletion in Foxp3.LuciDTR4 mice is
able to prevent IL3 production and basophil infiltration, explain-
ing the selective recruitment of basophils into tumors in Foxp3DTR

mice following DT administration. According to the published
literature, themajor source of IL3 are T cells (38), but in particular
pathologic settings it can also be derived from other sources,
including basophils (39), eosinophils (40), mast cells (41), and
megakaryocytes (42). We addressed this question by depletion of
CD4þ T cells but did not observe an effect on tumor rejection
induced by Treg depletion. At present, it is not knownwhether the
remaining CD4þ T cells still produce sufficient amounts of IL3 or
whether other cell types in the tumor were involved in IL3
production.

In inflamed tissues, basophils have the capacity to modify
the microenvironment depending on the environmental sig-
nals such as cytokines, danger-associated molecular patterns
(DAMP), pathogen-associated molecular patterns (PAMPs),
and complement factors, that originate from the tissue-resident
cells, other infiltrating cells, or pathogens. It has been shown
that IgE, or IL3 in combination with IL33 and IL18 can activate
basophils to produce and secrete large amounts of cytokines
and chemokines, including IL4, IL6, IL9, IL13, CCL2, CCL3,
CCL4, CCL5, and GM-CSF, but not IL17, IL5, and IFNg (30, 31,
43), which may explain basophil-mediated infiltration of
inflammatory immune cells into allergic tissues (44–46) or
tick-infected tissues (14). In addition, basophils can induce
phenotypic and functional changes in other immune cells
within the tissue microenvironment. For instance, IgE-activated
basophils were shown to produce IL4 and polarize macro-
phages into M2-like macrophages, which dampen the allergic
inflammation in the skin (47) or skin trapping of helminth
larvae (48). In general, through production of IL4 basophils
drive the generation of a Th2-like environment that attracts
CCR5-expressing cell populations, such as macrophages and
NK cells, at the same time suppressing Th1 differentiation (49).
However, in situations where activated CD8þ T cells are pres-
ent, basophils can also attract effector CD8þ T cells via CCL3
and CCL4 production, as shown here. In fact, after Treg deple-
tion basophils were the first immune cell population to infil-
trate the tumor, which preceded recruitment of CD8þ T cells by
2 days. Analysis of basophils sorted from Treg-depleted tumors
in Foxp3DTR mice revealed that they express large amounts of
CCL3 and CCL4. Moreover, basophil depletion strongly
reduced CCL3 and CCL4 in the tumor microenvironment,
pointing at basophils as the major source for CCL3 and CCL4.
At present, the factors or cell types activating basophils in
tumors are not clear. In vitro, IL3 required IL18 and IL33 as
co-factors for induction of CCL3 and CCL4 production by
basophils, but in Treg depleted tumors the levels of IL18 and
IL33 were low. However, the tumor basophils were found to be
IgE positive, suggesting that IgE may contribute to CCL3 and
CCL4 production, because IgE is known to activate basophils
via FceRI signaling, but involvement of other factors is also
possible.

Recently, we have reported that 90% Treg depletion-mediated
rejection of B16-OVA tumors in Foxp3.LuciDTR4 mice was
dependent on tumor-infiltrating eosinophils, which induced
CD8þ T-cell recruitment into the tumors by production of CCL5,
CXCL9, and CXCL10 (2). In the present study, we also observed
eosinophilia inHCmel12 tumors after Treg depletion, but specific
depletion of eosinophils had no influence in the rejection of
tumors following 99% Treg depletion in Foxp3DTR mice. This
result can be explained by our observation that in Treg-depleted
Foxp3DTR mice, basophil infiltration preceded infiltration by
eosinophils by 2 days, suggesting that CD8þ T-cell attraction was
already performed by basophils before eosinophils could
contribute. Furthermore, we observed a drastic decrease in the
number of intratumoral B cells in Foxp3DTR mice after Treg
depletion, similar to our findings with B16-OVA tumors after
Treg depletion in Foxp3.LuciDTR4 mice (2). The reasons for the
decrease in B-cell numbers are not clear, but because B cells in
tumors can be immunosuppressive, their disappearance may
enhance tumor rejection.

Our study shows that basophilia in tumors can be beneficial
for T-cell infiltration and tumor rejection. In apparent contrast
with our results, clinical studies on patients with pancreatic
ductal adenocarcinoma (PDAC) or chronic myeloid leukemia
have demonstrated that presence of basophils in tumor-drain-
ing lymph nodes and tumors contributes to the generation of
an Th2 environment that is protumoral and, therefore, corre-
lates with reduced survival (15, 50). However, our therapeutic
study has been performed under proinflammatory Th1-like
conditions generated by Treg depletion or transfer of pre-
activated tumor-specific CD8þ T cells that produce IFNg and
TNF. In the clinic, adoptive T-cell therapy has emerged as a
promising immunotherapy but its success is still limited (32).
One of the reasons may be insufficient T-cell infiltration into
tumors. The current study shows, for the first time, that under
specific conditions basophils can strongly enhance T-cell infil-
tration and tumor rejection. Thus, targeted in vivo modulation
of basophils, such as induction of basophils by IL3/antibody
complexes, may be a promising strategy for promoting the
recruitment of tumor-specific CD8þ T cells into tumors, that
is, after adoptive T-cell transfer, vaccination, or treatment with
checkpoint inhibitors.
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