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Cancer-associated inflammation mobilizes a variety of leukocyte
populations that can inhibit or enhance tumor cell growth in situ.
These subsets include γδ T cells, which can infiltrate tumors and
typically provide large amounts of antitumor cytokines, such as
IFN-γ. By contrast, we report here that in a well-established trans-
plantable (ID8 cell line) model of peritoneal/ovarian cancer, γδ T
cells promote tumor cell growth. γδ T cells accumulated in the
peritoneal cavity in response to tumor challenge and could be
visualized within solid tumor foci. Functional characterization of tu-
mor-associated γδ T cells revealed preferential production of inter-
leukin-17A (IL-17), rather than IFN-γ. Consistent with this finding,
both T cell receptor (TCR)δ-deficient and IL-17–deficient mice dis-
played reduced ID8 tumor growth compared with wild-type ani-
mals. IL-17 production by γδ T cells in the tumor environment was
essentially restricted to a highly proliferative CD27(−) subset that
expressed Vγ6 instead of themore common Vγ1 and Vγ4 TCR chains.
The preferential expansion of IL-17–secreting CD27(−) Vγ6(+) γδ T cells
associatedwith the selectivemobilization of unconventional small
peritoneal macrophages (SPMs) that, in comparison with large
peritoneal macrophages, were enriched for IL-17 receptor A, and for
protumor and proangiogenic molecular mediators, which were up-
regulated by IL-17. Importantly, SPMs were uniquely and directly
capable of promoting ovarian cancer cell proliferation. Collectively,
this work identifies an IL-17–dependent lymphoid/myeloid cross-
talk involving γδ T cells and SPMs that promotes tumor cell growth
and thus counteracts cancer immunosurveillance.

gamma-delta T cells | tumor immunology

Developing tumors are infiltrated by a variety of leukocyte
subsets that can either promote or inhibit inflammation, and

thus impact on cancer progression (1). Among such populations
are γδ T cells, which are major players in lymphoid stress sur-
veillance likely due to their recognition of stress-inducible mole-
cules independently of MHC-mediated antigen presentation (2).
Moreover, abundant IFN-γ secretion and cytotoxic effector func-
tions endow γδT cells with potent antitumor activity. This has been
clearly documented in murine models of spontaneous (3), chemi-
cally induced (4), transgenic (5), and transplantable (6, 7) tumors.
For example, in the widely used B16 melanoma model, γδ T cells
were shown to infiltrate tumors very early and provided a critical
source of IFN-γ that significantly delayed tumor growth (6, 7).
Human γδ T cells also possess IFN-γ–secreting potential,

which is displayed immediately at birth (8) and display cytotox-
icity against tumor lines of diverse origin, including epithelial (9,
10) and hematological (11, 12) tumors. This has prompted the
development of cancer clinical trials targeting γδ T cells, which
have produced encouraging, albeit highly variable, degrees of
therapeutic responses (13–15). There is therefore great interest
in maximizing the antitumor functions of γδ T cells for cancer
immunotherapy.

Despite these highly promising reports, a clinical study on
breast cancer tissue revealed a surprising inverse correlation
between infiltrating γδ T cells and overall patient survival (16).
In fact, γδ T cells represented the most significant independent
prognostic factor for assessing severity of breast cancer (16).
Similarly, a recent report on colorectal cancer showed a positive
correlation between clinopathological parameters and the in-
filtration of γδ T cells specifically producing interleukin-17
(IL-17) (17). A tumor-promoting function of γδ T cells was also
suggested in murine fibrosarcoma (18) and hepatocellular car-
cinoma (19) models, in which γδ T cells were the major cellular
source of IL-17, which was required for optimal tumor growth in
vivo. These data raise the interesting question as to whether
distinct functional attributes of γδ T cells, for example differ-
ential cytokine production, may associate with markedly differ-
ent outcomes for tumor growth.

Significance

Tumor development is impacted by a set of diverse infiltrating
leukocyte populations that can either inhibit or, paradoxically,
enhance tumor cell growth. This study characterizes a cellular
cross-talk between γδ T lymphocytes and small peritoneal macro-
phages (SPMs) that is mediated by the proinflammatory cytokine,
IL-17, and promotes ovarian cancer growth. IL-17 is preferentially
produced by a population of γδ T cells, displaying a distinctive
CD27(−) Vγ6(+) phenotype, that strongly proliferate in response
to tumor challenge. This associates with the mobilization of SPMs
that express protumor and proangiogenic molecular mediators
upregulated by IL-17. Critically, these SPMs can directly enhance
ovariancancer cell growth.Ourwork identifies an IL-17–dependent
γδ T cell/SPM axis that promotes tumor development and thus
counteracts cancer immunosurveillance.
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Along these lines, we have pioneered the identification of two
distinct functional subsets of murine γδ T cells based on the
expression levels of the CD27 coreceptor (20). We showed that
robust IFN-γ production is associated with the CD27(+) pheno-
type, whereas secretion of IL-17 is restricted to CD27(−) γδ
T cells. This dichotomy of hard-wired commitment to specific
cytokine production is established during thymic development
and maintained during the immune response to various infection
agents (21, 22). Thus, the overall impact of γδ T cells in a given
disease may depend on the balance between distinct proin-
flammatory effector cell subsets.
Building on these foundations, we have here analyzed the

overall and subset-specific contributions of γδ T cells to a well-
established murine syngeneic model of ovarian cancer (ID8;
transplantable cell line) that has a strong inflammatory compo-
nent (23–25), akin to that observed in human patients with high-
grade serous ovarian cancer (25, 26). In this murine model, we
demonstrate that γδ T cells are major sources of IL-17, and both
T cell receptor (TCR)δ-deficient and IL-17–deficient mice dis-
play reduced ID8 tumor growth. Interestingly, IL-17 production
by γδ T cells in the tumor environment is essentially restricted to
a CD27(−) subset that does not express the commonly used Vγ1
or Vγ4 TCR chains, but rather Vγ6; these Vγ6(+) cells are highly
biased toward IL-17 production, in contrast to their IFN-
γ–producing Vγ1(+) and Vγ4(+) counterparts. The ID8 tumor
environment gets progressively enriched in the IL-17–promoting
factor IL-7, whose receptor is highly expressed on Vγ6(+) cells.
This associates with preferential Vγ6(+) cell proliferation and
accumulation of IL-17 in the tumor bed, which in turn induces
the mobilization of (recently described) small peritoneal mac-
rophages (SPMs) that are enriched in IL-17 receptor A (IL-
17RA) and in protumor and proangiogenic molecular mediators.
Importantly, in comparison with large peritoneal macrophages
(LPMs), SPMs can strongly and directly promote ovarian cancer
cell proliferation. In summary, our work identifies an IL-17–
dependent γδ T-cell/SPM axis that promotes tumor cell growth

and thus opposes the widely accepted antitumor (and IFN-γ
mediated) function of γδ T cells.

Results
γδ T Cells Infiltrate ID8 Tumors and PromoteOvarian Cancer Cell Growth
in Vivo.To dissect the role of proinflammatory γδ T cells in tumor
progression in vivo, we built on an observation made with the
transplantable syngeneic ID8 murine ovarian cancer model. In
these experiments, we implanted ID8 tumors into the peritoneal
cavities of TCRδ−/− mice and compared them with WT (C57BL/6)
controls. We observed significantly decreased tumor load in the
absence of γδ T cells along the course of tumor development (Fig.
1A). Flow cytometric analysis of peritoneal exudates from WT
animals confirmed that γδ T cells were a sizeable component of
the tumor microenvironment (Fig. 1B) and were actively pro-
liferating (5-bromo-2-deoxyuridine, BrdU+) in situ (Fig. 1C),
which resulted in an accumulation during tumor progression (Fig.
1D). Moreover, optimized confocal microscopy protocols allowed
us to clearly detect γδ T cells infiltrating solid tumor foci (Fig. 1E
and Fig. S1). These data suggest that γδ T cells have the capacity
to significantly promote ovarian cancer growth in vivo.

γδ T Cells Are Major Providers of IL-17, Which Enhances Tumor Growth.
Given that ovarian cancer growth is orchestrated by a dynamic
inflammatory cytokine network (23, 26), and that γδ T cells can
produce large amounts of IFN-γ and IL-17 (20, 27, 28), we in-
vestigated cytokine production by γδ T cells during ID8 ovarian
tumor progression. We observed an interesting pattern between
earlier (week 2) and later (week 6) stages of tumor development;
IFN-γ–producing γδ T cells tended to decrease, whereas IL-17
producers accumulated, both proportionally and in absolute
numbers (Fig. 2 A and B). This dynamic behavior of IL-17(+)

versus IFN-γ(+) γδ T cells appeared to result from proliferation
in situ, as incorporation of BrdU increased in the former (but not
in the latter) subset as the tumor progressed (Fig. 2C). This
raised the hypothesis that the γδ T-cell–dependent growth of
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Fig. 1. γδ T cells infiltrate ID8 tumors and enhance ovarian cancer cell growth in vivo. (A) ID8 tumor growth in C57BL/6 WT (n = 6) and TCRδ−/− female mice
(n = 8), measured by luciferase bioluminescence at the indicated weeks posttransplantation. (B) Representative FACS plots for γδ T cells in peritoneal exudates
of ID8-bearing mice or PBS controls (at week 6 postinoculation). (C and D) Absolute numbers of total and BrdU+ γδ T cells in ID8-bearing mice or PBS controls.
BrdU was provided during a period of 2 wk before analysis. Each dot represents one animal. (E) Representative immunofluorescence imaging of γδ T cells in
ID8 tumor foci. Data are representative of three independent experiments; *P < 0.05, **P < 0.01, ***P < 0.001.
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large tumor masses (from week 6 onward; Fig. 1A) could be
associated with IL-17 production.
Because activated CD4(+) T-helper cells can also be potent

producers of IL-17, including in the ID8 model (23), we next
compared the relative contribution of these cells and γδ T cells to
the pool of IL-17–secreting cells during tumor progression. This
revealed comparable numbers of IL-17–secreting CD4(+) and γδ
T cells at each of the time points studied (Fig. 2D). However, γδ
T cells expressed significantly higher levels of IL-17 on a per cell
basis (Fig. 2D). These data suggest that a major functional po-
tential of peritoneal γδ T cells during ID8 tumor development is
the production of IL-17. Consistent with this, in the absence of
γδ T cells (in TCRδ−/− mice), total IL-17–producing cells dis-
played reduced IL-17 levels, particularly at 6 wk of tumor de-
velopment (Fig. 2E). To formally test whether IL-17 is playing
a protumor role in this model, we compared tumor growth in IL-
17−/− and WT mice. We observed a clear arrest in tumor growth
after 6 wk in IL-17−/− hosts, which contrasted the continuous
tumor growth in WT (Fig. 2F). Collectively, these data implicate
γδ T cells producing IL-17 in the promotion of ovarian cancer
cell growth in vivo.

IL-17 Production by γδ T Cells Is Restricted to the CD27(−) Vγ6(+)

Subset. Functional γδ T-cell subsets are commonly defined
based on TCRγ variable (Vγ) chain use and/or CD27 expression
(27). Thus, we assessed these parameters to further characterize
the IL-17–producing γδ T cells associated with ID8 tumor cell
growth in vivo. In contrast to their IFN-γ(+) counterparts, the
ID8-induced IL-17(+) γδ T cells did not bear the frequently used
Vγ1 or Vγ4 chains (Fig. 3A). As these IL-17(+) γδ T cells also did
not stain with antibodies against Vγ5 or Vγ7, we used a protocol
that combines the GL3 (anti-TCRγδ) and 17D1 (anti-Vγ5Vδ1)
monoclonal antibodies to stain for Vγ6(+) γδ T cells (29) (Fig. S2
A and B). This demonstrated that >90% of IL-17(+) γδ T cells
expressed Vγ6 (Fig. 3B) and were also characterized by the ab-

sence of CD27 expression (Fig. 3C). Thus, IL-17 production in
this ovarian cancer model is essentially confined to a distinctive
Vγ6(+) γδ T-cell subset that selectively expands in response to
tumor challenge, unlike its Vγ1(+) and Vγ4(+) counterparts (Fig.
3D and Fig. S2C).
A further examination of Vγ6(+) γδ T cells showed they were

highly biased toward IL-17 production, unlike Vγ1(+) or Vγ4(+)
γδ T cells, which essentially made only IFN-γ (Fig. 3E, Top).
Moreover, by performing BrdU incorporation experiments, we
were able to observe preferential proliferation (Fig. 3E, Middle)
and accumulation (Fig. 3E, Bottom) of Vγ6(+) γδ T cells in
tumor-bearing mice, in comparison with controls. This raised the
question as to which molecular cue was driving the expansion of
IL-17–producing Vγ6(+) γδ T cells during tumor progression. To
address this question, we quantified various cytokines in perito-
neal exudates collected at week 2 andweek 6 of tumor development.
Within a general tendency for accumulation of type-17–driving
cytokines (such as IL-1β or IL-6), IL-7, previously implicated in the
selective expansion of IL-17(+) γδ T cells (30), was significantly in-
creased at week 6 compared with the levels observed at week 2 or
in PBS controls (Fig. S3A), thus mirroring the proliferation and
accumulation of total IL-17(+) γδ T cells (Fig. 2 B and C) and spe-
cifically Vγ6(+) γδ T cells (Fig. 3E). Consistent with this finding,
Vγ6(+) γδ T cells from the peritoneal cavity expressed higher levels
of IL-7Rα than Vγ1(+) cells or Vγ4(+) cells (Fig. S3B), and exoge-
nous administration of recombinant IL-7 showed a tendency to ex-
pand Vγ6(+) γδ T cells and enhance ID8 tumor load (Fig. S3 C–E).
Thesedata collectively suggest that the tumormicroenvironment that
progressively becomes enriched for IL-7 and other type-17–driving
cytokines, drives the selective expansion of a CD27(−) Vγ6(+) cell
subset capable of abundant IL-17 production.

γδ T Cells and IL-17 Promote Angiogenesis and Mobilize SPMs. The
protumor role of IL-17 has mostly been associated with en-
hanced angiogenesis (18, 31–33). To assess the significance of
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Fig. 2. γδ T cells are major providers of IL-17A, which promotes ovarian cancer cell growth. (A) Representative FACS plots of intracellular IL-17A and IFN-γ
stainings in γδ T cells isolated from the peritoneal cavity at weeks 2 and 6 post-ID8 tumor cell inoculation. (B) Absolute numbers of IL-17(+) or IFN-γ(+) γδ T cells
at weeks 2 and 6 after inoculation of PBS or ID8 tumor cells. Each dot represents one animal. (C) Total numbers of BrdU(+) cells within IL-17A(+) or IFN-γ(+) γδ
T subsets. BrdU was provided for a period of 2 wk before analysis. (D) Representative plot, absolute numbers, and mean fluorescence intensity (MFI) for IL-17
in total IL-17(+) cells and respective contributions of CD4 and γδ T cells in the peritoneal cavity of tumor-bearing mice (n = 5) at weeks 2 and 6 postinoculation.
(E) MFI for IL-17 in total IL-17(+) cells in peritoneal exudates of WT or TCRδ−/− tumor-bearing mice (n = 5) at weeks 2 and 6 postinoculation. (F) ID8 tumor
growth in C57BL/6 WT and IL-17A−/− mice, measured by luciferase bioluminescence. Statistical analysis was performed using the Mann–Whitney test. Data are
representative of two to four independent experiments; *P < 0.05, **P < 0.01, ***P < 0.001.
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IL-17 (and of the γδ T cells responsible for a major fraction of its
production) for this process in our ovarian tumor model, we
analyzed expression of proangiogenic factors in the cellular
peritoneal exudates of WT, TCRδ−/−, and IL-17−/− mice at 6 wk
posttumor inoculation. This time point, which coincided with
tumor growth arrest in IL-17−/− mice (Fig. 2F), approximately
corresponds to the so-called “angiogenic switch” in the ID8
model (25). The angiogenic switch (or initiation of angiogenesis)
is a discrete step in tumor development that is required to ensure
exponential tumor growth. We have shown this step occurs after
leukocyte recruitment to the tumor deposits in the ID8 model
(25). Interestingly, we observed a reduction in vascular endo-
thelial growth factor A (VEGFA) and Angiopoietin 2 (Ang-2)
expression in both IL-17−/− and TCRδ−/− mice compared with
WT controls (Fig. 4A), suggesting that IL-17–producing γδ T
cells may indeed promote angiogenesis in this model. Of note,
although ID8 cells expressed high levels of IL-17RA, the pro-
vision of IL-17 had no direct effect on tumor cell proliferation in
vitro (Fig. S4 A and B). Moreover, FACS-sorted Vγ6(+) T cells
did not promote ID8 tumor cell proliferation when cocultured
together at 1:1 ratio (Fig. S4C).
We next considered that IL-17(+) γδ T cells could promote

ID8 ovarian cancer growth by influencing accumulation of one of
several tumor-infiltrating leukocyte subsets implicated in cancer
biology (1). Compared with WT controls, there was no difference
in TCRδ−/− mice in recruitment of immunosuppressive Foxp3(+)

regulatory T cells or Gr-1(+) myeloid cells (including neutrophils
and myeloid-derived suppressor cells) (Fig. S5).We also observed
similar numbers of “tissue-resident” F4/80(hi) macrophages in
WT, TCRδ−/−, and IL-17−/− mice (Fig. 4B, Left). By contrast, we
found a marked reduction in F4/80(lo) “inflammatory” macro-
phages in TCRδ−/− and IL-17−/− mice (Fig. 4B, Right), suggesting
that γδ T cells and IL-17 secretion were both important for the
accumulation of these cells at the site of tumor growth.

F4/80(lo) macrophages have recently been identified as a distinct
subset of peritoneal macrophages that derive from blood mono-
cytes that rapidly enter the peritoneal cavity and differentiate upon
challenge, such as in response to LPS (34, 35). Interestingly, in
our experiments, this population selectively accumulated upon
ID8 tumor challenge (Fig. 4C). Given their smaller size [compared
with conventional F4/80(hi) macrophages], F4/80(lo) cells were
named SPMs (35). We confirmed this characteristic by examining
their forward scatter by flow cytometry analysis (Fig. 4D). Fur-
thermore, they also displayed very high surface levels ofMHCclass
II (Fig. 4E), which is another signature feature of SPMs that clearly
distinguishes them from F4/80(hi) LPMs (35). This highly selec-
tive effect of γδT cells and IL-17 on SPMs, but not on LPMs (Fig.
4B), or the other eight leukocyte populations analyzed (Fig. S5),
suggests a potential protumor role of SPMs in the ID8 ovarian
cancer model.

SPMs Express a Proangiogenic Profile and Stimulate Tumor Cell
Proliferation. SPMs have been previously characterized in the
context of microbial challenge (35), but not in a tumor envi-
ronment. We isolated SPMs and LPMs after 6 wk of ID8 tumor
development and analyzed gene expression by RT-quantitative
PCR (RT-qPCR). Whereas both macrophage subsets expressed
similar levels of tnfa, SPMs were strikingly enriched in proin-
flammatory and proangiogenic (Il1b, Il6, vegfa, tgfb, mif, cxcl1,
and cxcl8) mediators (Fig. 5A). Consistent with this finding,
SPMs expressed high levels of tie2, a well-established hallmark of
proangiogenic monocytes and macrophages (36–39). These cells
have also been shown to overexpress cd163 (38), transcript for
which we found enriched in SPMs (Fig. 5A). These data strongly
suggest that SPMs play a protumor role in our ovarian cancer
model. Interestingly, the higher levels of Il17ra on SPMs (than
LPMs) reinforce their dependence on IL-17 (Fig. 4B). Of note,
SPMs presented a heterogeneous phenotype with variable degrees
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Fig. 3. IL-17 production by γδ T cells is essentially restricted to a distinctive CD27(−) Vγ6(+) cell subset. Peritoneal exudates were analyzed at week 2 and week
6 postinoculation of ID8 cells or PBS. (A) Representative FACS plots of Vγ1 and Vγ4 stainings within IL-17A(+) or IFN-γ(+) γδ T cells in tumor-bearing mice (at
week 6). (B) FACS staining with GL3 and 17D1 monoclonal antibodies to detect Vγ6(+) γδ T cells. (C) Histogram overlay of CD27 staining in Vγ1, Vγ4, and Vγ6
subsets of γδ T cells in tumor-bearing mice (at week 6). (D) Absolute numbers of Vγ1, Vγ4, and Vγ6 subsets of IL-17A(+) or IFN-γ(+) γδ T cells in ID8 tumor-bearing
mice or in PBS-injected controls (at week 6). Each dot represents one animal. (E) Representative intracellular IL-17A and IFN-γ stainings (Top), BrdU in-
corporation (Middle), and absolute numbers (Bottom) of Vγ1, Vγ4, and Vγ6 subsets of γδ T cells in ID8 tumor-bearing mice or in PBS-injected controls (at weeks
2 and 6). Data are representative of three independent experiments; *P < 0.05.
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of polarization/differentiation across distinct in vivo tumor de-
velopment experiments (Fig. S6).
Next, to test a potential direct effect of SPMs (or LPMs) on

ID8 tumor cell growth, we established cocultures of ID8 cells
with SPM or LPM populations sorted from ID8-bearing mice
(at week 6 postinoculation). Interestingly, we observed a marked
increase in total number (Fig. 5B) and in proliferating (Fig. 5C)
tumor cells selectively in the presence of SPMs. These data
collectively demonstrate that SPMs produce both factors that
directly stimulate ovarian cancer cell proliferation and multiple
proangiogenic mediators, thus revealing potent protumor
SPM functions.

IL-17 Up-Regulates Proangiogenic and Proinflammatory Mediators in
SPMs. Finally, to assess the direct impact of Vγ6(+) T cells and
particularly IL-17 on SPM protumor effector genes, we estab-
lished short-term cultures of purified SPMs to which we added
either Vγ6(+) T cells or recombinant IL-17. Upon coculture of
SPMs with Vγ6(+) T cells in a Transwell system (thus allowing the
retrieval of isolated SPMs at the end of the cultures), we observed
a global up-regulation of the proangiogenic and proinflammatory
target gene profile, even at a 1 γδ:25 SPM ratio, which resembled
the in vivo ratio at week 6 of tumor development (Fig. 6A and
Fig. S7A). Interestingly, gata6, a tissue-specific master transcrip-

tion factor for peritoneal macrophages (40) was also up-regulated
in these cocultures (Fig. 6A).
On the other hand, the provision of exogenous IL-17 to pu-

rified SPM cultures increased, in a dose-dependent and highly
significant manner, the expression of the same proangiogenic
and proinflammatory mediators (Fig. 6B and Fig. S7B). Collec-
tively, these data strongly support an IL-17–mediated cross-talk
betweenVγ6(+) T cells and SPMs in the ID8 ovarian cancer model.

Discussion
Burnet’s “immune surveillance of cancer” theory has been re-
vised to accommodate leukocyte subsets, both of myeloid and
lymphoid origin, that enhance cancer cell proliferation (1, 41).
The data presented here add to this revised model by identifying
and characterizing a population of IL-17–secreting γδ T cells that
has the potential to promote ID8 ovarian tumor growth, thus
effectively overriding the antitumor function of coexisting IFN-
γ–producing γδ T cells. In fact, the latter increased only tran-
siently (at week 2) before returning to baseline (as defined by the
PBS-injected control group). By contrast, IL-17(+) γδ T cells ac-
cumulated at later stages (week 6) of tumor progression, matching
the window where tumor growth was dependent on IL-17.
The preferential expansion of IL-17–producing CD27(−) T cells

in our model is likely accounted for by the combined local
accumulation of multiple type-17–driving cytokines (IL-1β, IL-6,
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and IL-7) during ID8 tumor development. Interestingly, CD27(−)

γδ T cells in the secondary lymphoid organs have been shown to
express higher levels of IL-7R, IL-1R1, and IL-23R than their
IFN-γ–secreting counterparts (30, 42, 43), a property that seems
to be transcriptionally acquired and epigenetically sustained
(42). Among the type-17–driving cytokines, IL-7 was the most
consistently up-regulated throughout ID8 growth, and its exog-
enous administration showed a tendency to increase the tumor
load. Nonetheless, the individual and combined contributions of
these cytokines to the selective expansion of CD27(−) γδ T cells
remains to be formally established.
Interestingly, the tumor microenvironment favored the ex-

pansion of a distinct CD27(−) γδ T-cell subset expressing Vγ6
that is similar to the intestinal CD27(−) Vγ6(+) γδ T-cell subset
shown to dominate the γδ T-cell response to oral Listeria mono-
cytogenes infection (44). Also in that study, CD27(−) Vγ6(+) γδ
T cells were unique among γδ T cells in the extent of IL-17 po-
larization and in the dynamics of their response in mesenteric
lymph nodes (particularly upon secondary challenge) (44). Im-
portantly, the memory-like CD27(−) Vγ6(+) γδ T-cell response
reduced bacterial load, showing that CD27(−) Vγ6(+) γδ T cells can
play both protective (as in Listeria infection) or detrimental (as for
ID8 tumors) roles that merit further investigation in vivo in other

models of disease. Interestingly, in a recent study on hepatocel-
lular carcinoma, tumor-promoting IL-17 was mostly provided
by Vγ4(+) γδ T cells (19). By contrast, in our model, Vγ4(+)
cells contained few IL-17 producers and many more IFN-γ pro-
ducers. Thus, different tumors may harbor and promote distinct
proinflammatory subsets of γδ T cells.
Although the lack of a mouse line expressing Cre recombinase

under the control of a γδ T-cell–specific promoter precludes the
direct examination of the effect of conditional ablation of IL-17
in γδ T cells, the overlap of phenotypes of TCRδ−/− and IL-17−/−

mice, together with the progressive expansion of CD27(−) Vγ6(+)
γδ T cells, strongly supports a protumor role for an IL-17–secreting
γδ T-cell axis in vivo.
In a previous study on a fibrosarcoma (and colon carcinoma)

model(s), γδ T cells were shown to be the major cellular source of
IL-17, which supported tumor cell growth (18). However, these
experiments were performed on the murine BALB/c background,
where lymphoid organs (both in naïve and tumor-bearing mice)
were essentially depleted of IFN-γ–producing γδ T cells (18). By
contrast, our study was conducted on the murine C57/Bl6 back-
ground, where IFN-γ–producing γδ T cells significantly outnumber
their IL-17(+) counterparts (20). Thus, our data clearly suggest that
even in the backdrop of a dominant IFN-γ–secreting potential, the
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tumor microenvironment is capable, under certain circumstances,
of modulating the balance of γδ T-cell responses from antitumor
(IFN-γ based) to protumor (IL-17 mediated) subsets and func-
tions. Moreover, unlike the previous report (18), our study used
TCRδ-deficient mice as a critical tool to establish the tumor-pro-
moting role of γδ T cells in vivo. This raises interesting questions
regarding γδ T-cell functions in the ID8 ovarian tumor environ-
ment in comparison with other models where an overt antitumor
role has been demonstrated for γδ T cells (4–7, 45). Along these
lines, we have observed that B16 melanoma-infiltrating γδ T cells
are enriched for IFN-γ, and essentially devoid of IL-17, expression
(7). Thus, the balance between IFN-γ and IL-17 production by γδT
cellsmay be a critical parameter to assess their overall contribution
to tumor surveillance versus protumor progression.
The protumor role of IL-17 has been mostly attributed to

promotion of angiogenesis (18, 31–33). Consistent with those
reports, we also implicate an impact on the angiogenesis medi-
ators VEGFA and ANG2 by the IL-17–secreting CD27(−) Vγ6(+)
γδ T-cell subset in our ovarian cancer model.
Interestingly, we also identified amechanism in which γδT cells

and IL-17 mobilize SPMs. These cells have recently been identi-
fied as a specific subset of peritoneal macrophages characterized
by smaller (∼3 μm) size, low F4/80 and CD11b expression, and
high MHC class II expression (35). SPMs are mobilized from
bloodmonocytes, whereas LPMs aremaintained independently of
hematopoiesis (34). Importantly, IL-17 has previously been shown
to recruit blood monocytes (46, 47), as well as mature macro-
phages (48–50) to various tissues; andwe have detected high levels
of Il17ra selectively on SPMs isolated from ID8-bearing animals.
Thus, our work identifies a link between IL-17–secreting γδT cells
and the mobilization/expansion of SPMs in the peritoneal cavity.
SPMs and LPMs also display distinct phagocytic and cytokine

secretion patterns (34). Moreover, SPMs (unlike LPMs) fail to
produce the antitumor mediator NO when stimulated with LPS
in vitro (35). Importantly, our gene expression analysis identified
a striking proinflammatory and proangiogenic (il1b, il6, vegfa,
tgfb, mif, cxcl1, and cxcl8) gene expression profile for SPMs.
Furthermore, SPMs expressed high levels of tie2 and cd163,
signature markers of proangiogenic monocytes and macrophages
(36–39). Among the protumor mediators produced by SPMs, it
is important to note the presence of MIF and IL-6, both known
to promote the expression of a large panel of proinflammatory
and proangiogenic molecules and to protect tumor cells from

apoptosis (51–54). Thus, we propose that the cross-talk with proin-
flammatory and proangiogenic SPMs, that have further stimulatory
effects on tumor cell proliferation, underlies the protumor role
of IL-17(+) γδ T cells in the ID8 ovarian cancer model. Interestingly,
Ma et al. suggested a distinct mechanism in hepatocellular carci-
noma, in which IL-17(+) γδ T cells seemingly act by recruiting
myeloid-derived suppressor cells (MDSCs) that inhibit local
antitumor CD8(+) T-cell responses (19). An association between
IL-17(+) γδ T cells and MDSC accumulation was also recently
reported inhuman colorectal cancer (17). In ourmodel, by contrast,
there were no differences in CD11b(+) Gr-1(+) cell recruitment,
CD8(+) T-cell infiltration, or IFN-γ production, between γδ T-cell–
deficient versus sufficient hosts. This suggests that distinct cellular
mechanisms may underlie the protumor functions of IL-17(+) γδ
T cells within different tumors.
Notwithstanding the protumor functions that recent experi-

ments disclose for IL-17(+) γδ T cells, it should be noted that these
cells have previously been implicated in protective responses in
other tumor scenarios. For example, IL-17(+) γδ T cells contrib-
uted to the positive (chemo)therapeutic effect of doxorubicin in
various transplantable models of epithelial tumors in vivo (55). γδ
Tumor-infiltrating lymphocytes were either Vγ4(+) (∼60%) or
Vγ6(+) (∼35%), and the therapeutic efficacy of doxorubicin was
similarly reduced in TCRδ-deficient and in Vγ4−/−Vγ6−/− hosts.
In another study, IL-17(+) γδ T cells were associated with the
antitumor effect of bacillus Calmette–Guérin treatment in
a bladder cancer model (56). This effect was abolished in both
TCRδ-deficient and IL-17–deficient mice, and γδ T cells (whose
Vγ use was not determined) were the major intratumor source of
IL-17. The discrepancy in IL-17(+) γδ T-cell functions between
these studies and the data presented here may be linked to the
efficient CD8(+) Tc1 cell priming induced by therapeutic proto-
cols. Zitvogel and coworkers proposed that IL-17 is critical for
the afferent phase of the immune response against dying tumor
cells (“immunogenic cell death”), namely, CD8(+) T-cell priming
for IFN-γ production (55). Therefore, both IL-17 and IFN-γ are
likely to be involved inmultiple cellular events taking place within
the inflammatory tumor microenvironment as well as in draining
lymph nodes. Along these lines, it should also be noted that IL-
17+ γδ T cells can (under strong inflammatory conditions) dif-
ferentiate into IL-17/IFN-γ double producers, whose function in
the tumor milieu remains to be established (42, 57).
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The IL-17–associated protumor/antitumor paradox extends
well beyond the γδ T-cell compartment. For example, the
adoptive transfer of IL-17–producing CD4(+) (Th17) cells has
been shown to promote either tumor development or tumor
regression (58–60). And IL-17(R) deficiency/blockade was asso-
ciated with both enhanced (61) and reduced (23, 62–64) tumor
load. The reasons for the highly variable anti- versus protumor
activities of IL-17 and IL-17–producing T cells in distinct tumor
models remain unclear and deserve further investigation. How-
ever, our current data are fully consistent with our previous work
in which antibody-mediated IL-17 depletion reduced ID8 cancer
cell growth (23). We are therefore convinced that IL-17 is a potent
protumor mediator in the ID8 model.
Another area of interest concerns the examination of IL-17(+)

γδ T cells in human cancer. In comparison with their murine
counterparts, human circulating γδ T lymphocytes are extremely
polarized toward IFN-γ production from early stages of life (8,
65). By contrast, IL-17(+) γδ T cells are very rare in the pe-
ripheral blood of healthy individuals (65, 66), but accumulate
significantly in pathological conditions such as bacterial menin-
gitis (67) or psoriasis (68). With regard to tumors, the data are
still limited but suggest that IL-17(+) γδ T cells can be found in
some (but not all) types of cancer. Interestingly, the infiltration
of IL-17(+) γδ T cells was recently associated with tumor stages
and clinopathological features in patients with colorectal cancer
(17). We therefore believe that the detailed characterization of
tumor-infiltrating γδ lymphocytes, including the balance between
major cytokine-producing subsets, may have important prognostic
value andmay be the key for their successful clinical manipulation.
In conclusion, this study identifies an IL-17–dependent cross-

talk between Vγ6(+) γδ T cells and proinflammatory and proan-
giogenic SPMs that promotes ovarian cancer growth. From
a global cancer perspective, our work highlights the importance of
tumor-derived factors that drive the selective expansion of IL-
17(+) γδ T cells and their tumor-promoting effects via mobiliza-
tion of particular myeloid subpopulations. Upon investigation of
similar mechanisms in human tumors, this may result in the
identification of novel targets for cancer immunotherapy.

Materials and Methods
Mice. C57BL/6J (B6) wild-type mice were purchased from Charles River Lab-
oratories. B6.TCRδ−/− mice were purchased from The Jackson Laboratory.
B6.IL-17−/− mice were kindly provided by Fiona Powrie (University of Oxford,
Oxford, UK) with permission from Yoichiro Iwakura (Tokyo University of
Science, Chiba, Japan). All animals were females, 8–16 wk of age, which
were aged matched within 2 wk. Mice were maintained in specific pathogen-
free facilities of Queen Mary University of London (QMUL) or Instituto de
Medicina Molecular (IMM). All experimental procedures observed the
guidelines approved by the ethics committees of QMUL and IMM.

Cell Culture. The ID8 ovarian cancer cell line was a gift from Kathy Roby
(University of Kansas, Kansas City, KS). Cells were maintained in Dulbecco’s
modified Eagles’ medium (DMEM) with glutamine, sodium pyruvate, 4%
(vol/vol) FCS (Gibco; Life Technologies) and insulin-transferrin-sodium sele-
nite media supplement (Sigma). Lentiviral infection of ID8 cells with luciferase
reporter was performed as previously described (69). Proliferation was mea-
sured by BrdU incorporation after 30 min incubation with 10 μMBrdU (Sigma).

(Co)cultures of ID8 cells, γδ T cells, andmacrophage subsetswere performed in
Transwell Permeable Support 0.4 μm (Corning), in DMEM supplemented
with 0.5% FCS, glutamine, sodium pyruvate, nonessential amino acids, and
β-mercaptoethanol (Gibco; Life Technologies). γδ T-cell cocultures were also
supplemented with 10 ng/mL IL-2, 50 ng/mL IL-1β (Peprotech), and 50 ng/mL
IL-23 (R&D).

In Vivo ID8 Tumor Model. The 5–10 × 106 tumor cells expressing luciferase
(ID8-luc) were injected intraperitoneally or s.c. in a total volume of 100 μL. i.p.
Tumor growth was evaluated in situ by bioluminescence imaging as previously
described (69). For in vivo administration of IL-7, 5 μg of recombinant mouse
IL-7 (Peprotech) (or PBS as control) was injected i.p. every 2/3 d from week 4 to

week 6 after tumor injection. For proliferation assays, mice were fed daily with
0.8 mg/mL BrdU (Sigma) in drinking water, during the last 2 wk before analysis.

Flow Cytometry and Cell Sorting. Peritoneal exudate cells were obtained from
the lavage of the peritoneal cavity with 5 mL ice-cold DMEMwith 4% (vol/vol)
FCS. Erythrocytes were osmotically lysed using RBC Lysis Buffer (Biolegend). For
surface staining, cells were Fc blocked with anti-CD16/32 (93; eBioscience) and
incubated for 30 min with antibodies in PBS with 2% (vol/vol) FCS and 1 mM
EDTA (FACS buffer). The following monoclonal antibodies were purchased
from eBioscience: anti-CD3 (17A2), anti-TCRγδ (GL3), anti-CD27 (LG.7F9), anti-
CD4 (RM4-5), anti-CD8α (53-6.7), anti–IL-7Rα (A7R34), anti–IL-17RA (PAJ-17R),
anti-CD11b (M1/70), anti–Gr-1 (RB6-8C5), anti-F4/80 (BM8), anti-MHC II (M5/
114.15.2), and anti-IgM (RM-7B4); from BD Bioscience: anti-TCRγ4 (UC3-10A6);
and from Biolegend: anti-CD45 (30-F11), anti-TCRγ1 (2.11), and anti-NK1.1
(PK136). Anti-TCRVγ5Vδ1 (17D1) was kindly provided by Adrian Hayday
(King’s College London, London). For TCRγ6 (Vγ6) detection, staining with GL3
and 17D1 monoclonal antibodies was performed as previously described
(29). Cells were either analyzed on a FACS Fortessa (BD Bioscience) or sorted
on a FACS Aria III (BD Bioscience) for further manipulation. Gating strategies
for γδ T cells, SPMs, and LPMs are shown in Fig. S8. Cell numbers were
normalized according to the total number of peritoneal exudate cells.

For intracellular cytokine staining, cells were stimulated with 50 ng/mL
phorbol 12-myristate 13-acetate (PMA; Sigma) and 1μg/mL ionomycin (Sigma)
for 4 h at 37 °C; 10 μg/mL brefeldin-A (Sigma) and 2 μM monensin (eBio-
science) were added during the last 2 h. Cells were stained for surface
markers, fixed and permeabilized using the Foxp3/Transcription Factor
Staining Buffer set (eBioscience), following the manufacturer’s instructions,
and then incubated for 30 min at room temperature with anti-FoxP3 (FJK-
16s) and/or anti–IL-17 (17B7) and anti–IFN-γ (XMG1.2) (eBioscience). For BrdU
staining, FITC BrdU Flow kit (BD Pharmingen) was used following the man-
ufacturer’s instructions. Data were acquired on a FACS Fortessa (BD Bio-
science) and analyzed using FACS Diva or FlowJo software (Tree Star).

RNA Isolation, cDNA Production, and Real-Time PCR. Total RNA was extracted
using the RNeasy Mini kit (Qiagen) according to the manufacturer’s instruc-
tions. Concentration and purity were determined using the NanoDrop ND-
1000 spectrophotometer (Thermo Scientific). Total RNA was reverse tran-
scribed into cDNA using a Transcriptor High Fidelity cDNA Synthesis kit
(Roche). Quantitative real-time PCR was performed on ViiA 7 Real-Time PCR
system (Applied Biosystems; Life Technologies). Primers were either designed
manually or by using the Universal ProbeLibrary Assay Design Center from
Roche (www.roche-applied-science.com). Sequences are available upon re-
quest. Analysis of the quantitative PCR results was performed using the ViiA 7
software v1.2 (Applied Biosystems; Life Technologies).

Confocal Microscopy. The bowel mesentery of ID8 tumor-bearing mice was
removed, fixed in ice-cold acetone for 20 min, and allowed to air dry for 1 h.
After rehydration in PBS, the intestine was removed and the tumor foci
attached to the mesenterium were immunostained. The tissue was blocked
and permeabilized in PBS with 1% BSA, 3% (vol/vol) goat serum, 5% (vol/vol)
mouse serum, and 1% Triton X-100 (blocking buffer). Tissue was incubated
with FITC anti-TCRγδ (Gl3) and/or biotin anti-TCRγδ (UC7) overnight at 4 °C
and subsequently with secondary antibodies and Alexa Fluor 546-streptavi-
din. Tissue was mounted on a slide and embedded in Prolong Gold (Invi-
trogen; Life Technologies). The tumor foci were imaged under a Zeiss LSM
710 confocal microscope.

Statistical Analysis. Data are presented as mean ± SE. The tests used
were Mann–Whitney or Student t test. Values of P < 0.05 were considered
significant.
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