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ACKR4 restrains antitumor immunity by
regulating CCL21
Carly E. Whyte1, Maleika Osman1, Ervin E. Kara1, Caitlin Abbott1, Jade Foeng1, Duncan R. McKenzie1, Kevin A. Fenix1, Yuka Harata-Lee1, Kerrie L. Foyle1,
Sarah T. Boyle2, Marina Kochetkova2, Amelia Roman Aguilera3, Jiajie Hou3, Xian-Yang Li3, Mark A. Armstrong4, Stephen M. Pederson4,
Iain Comerford1*, Mark J. Smyth3*, and Shaun R. McColl1*

Current immunotherapies involving CD8+ T cell responses show remarkable promise, but their efficacy in many solid tumors is
limited, in part due to the low frequency of tumor-specific T cells in the tumor microenvironment (TME). Here, we identified a
role for host atypical chemokine receptor 4 (ACKR4) in controlling intratumor T cell accumulation and activation. In the
absence of ACKR4, an increase in intratumor CD8+ T cells inhibited tumor growth, and nonhematopoietic ACKR4 expression
was critical. We show that ACKR4 inhibited CD103+ dendritic cell retention in tumors through regulation of the intratumor
abundance of CCL21. In addition, preclinical studies indicate that ACKR4 and CCL21 are potential therapeutic targets to
enhance responsiveness to immune checkpoint blockade or T cell costimulation.

Introduction
Immune checkpoint inhibitors have revolutionized the thera-
peutic landscape for treatment of malignancies, with objective
clinical responses observed in a proportion of many cancers,
particularly those in which tumor mutational burden is high or
immune gene signatures are favorable (Ahern et al., 2018; Chen
andMellman, 2017). A major determinant for patient outcome is
the extent of CD8+ T cell infiltration of the tumor, and increased
intratumor CD8+ T cell frequency is correlated with improved
anti–PD-1/PD-L1 responsiveness in melanoma (Herbst et al.,
2014; Tumeh et al., 2014) and improved outcomes in colorectal
cancer regardless of treatment (Galon et al., 2006; Pagès et al.,
2009). Thus, understanding molecular cues that govern CD8+

T cell entry and accumulation in tumors is paramount to de-
veloping new therapies that may act in concert with established
treatments to improve clinical efficacy. Tumor-specific CD8+

T cells are primarily thought to be primed in draining LNs
(dLNs) by the Batf3-dependent lineage of CD103+ conventional
dendritic cells (DCs), which are capable of efficient transport
of tumor-derived antigen to the LN and subsequent cross-
presentation to CD8+ T cells (Broz et al., 2014). Once primed,
expression of CXCR3 by effector CD8+ T cells enables their re-
cruitment into the tumormicroenvironment (Mikucki et al., 2015),
where in the absence of expression of inhibitorymolecules, such as

PD-1, they can mediate tumor destruction. This CD8+ T cell re-
cruitment is thought to be largely controlled by CD103+ DCs at the
tumor site, which have been shown to be the predominant source
of the ligands CXCL9 and CXCL10 in multiple tumors (de Mingo
Pulido et al., 2018; Spranger et al., 2017). Thus, via their control of
multiple facets of the CD8+ T cell response, CD103+ DCs are a key
determinant of the magnitude of the antitumor response, and
understanding their regulation in tumor settings is of great ther-
apeutic importance.

Migration of tumor antigen–bearing CD103+ DCs to dLNs and
subsequent priming of tumor-specific CD8+ T cells are highly
dependent on CCR7, and in human melanoma, expression of
CCR7 is positively correlated with both T cell infiltration and
patient survival (Broz et al., 2014; Roberts et al., 2016). More-
over, there is a significant body of evidence implicating CCR7 in
varied facets of the biology of tumors of many different origins
(Boyle et al., 2016; Haniffa et al., 2012; Wang et al., 2005). The
atypical chemokine receptor 4 (ACKR4) has emerged as an im-
portant regulator of CCR7, as it binds to the CCR7 ligands CCL19
and CCL21 as well as the CCR9 ligand CCL25. This fails to induce
classical GPCR signaling and chemotaxis and instead leads to
chemokine degradation (Comerford et al., 2006, 2010; Townson
and Nibbs, 2002). By controlling chemokine bioavailability and
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maintaining functional chemotactic gradients, ACKR4 has been
shown to regulate migration of DCs into lymphatics as well as
T cell areas of LNs (Bryce et al., 2016; Heinzel et al., 2007;
Ulvmar et al., 2014). Despite the importance of CCR7 signaling in
tumor settings, the role of ACKR4 in controlling tumor immu-
nity has been largely unexplored. Studies of ACKR4 in tumor
settings have been predominantly limited to transgenic ex-
pression in immunodeficient mouse models, and the contribu-
tion of endogenously expressed ACKR4 to antitumor immunity
is unknown (Feng et al., 2009; Harata-Lee et al., 2014; Shi et al.,
2015). In this study, we aimed to determine if host ACKR4
contributes to malignant progression and whether it plays a role
in shaping antitumor immunity.

Results and discussion
ACKR4 regulates tumor growth in multiple mouse models
To begin to investigate a potential role for ACKR4 in influencing
tumor progression, Ackr4−/− mice were interbred with mice
harboring the MMTV-PyMT transgene, which recapitulates the
step-wise progression and distinct morphological features of
human breast cancer (Fantozzi and Christofori, 2006; Lin et al.,
2003). The development of palpable tumors was significantly
delayed and total tumor burden at 20 wk of age was significantly
reduced in PyMT+ Ackr4−/− compared with PyMT+ Ackr4+/+

(PyMT+B6) mice (Fig. 1, A and B). To support this finding, we
inoculated WT or ACKR4-deficient mice with either intermedi-
ate (25 µg) or high (300 µg) doses of 3-methylcholanthrene
(MCA) to induce fibrosarcoma (Ngiow et al., 2016). Ackr4−/−

mice displayed a significant survival advantage compared with
WT mice (Fig. 1, C and D). Finally, in the orthotopic E0771 mam-
mary carcinoma model, an established model of triple-negative,
basal-like breast cancer (Denkert et al., 2017; Johnstone et al.,
2015), growth of tumors was significantly impaired in ACKR4-
deficient mice compared with WT controls (Fig. 1, E and F).
Thus, deletion of ACKR4 inhibits tumor growth in multiple tumor
models.

Ackr4−/− mice develop enhanced tumor-specific CD8+ T cell
responses
Given the importance of the CCR7 axis in immune homeostasis,
we hypothesized that the altered tumor growth in ACKR4-
deficient mice was a result of alterations in tumor-infiltrating
lymphocytes. Analysis of tumors on day 21 after inoculation
demonstrated a significant increase in CD44hi CD8+ T cells in
E0771 tumors from Ackr4−/− mice compared with WT mice
(Fig. 2 A), with no alteration in other major lymphocyte
populations (Fig. S1, A–D). There was a significant increase
in IFN-γ–expressing CD8+ T cells from Ackr4−/− mice upon
restimulation ex vivo as well as increased IFN-γ on a per-cell
basis (Fig. 2 B), indicative of enhanced effector function, al-
though the frequency of granzyme B expression was unaltered
(Fig. 2 C and Fig. S2 E). Expression of PD-1 on CD8+ T cells was
also modestly increased in Ackr4−/− mice, although TIM-3 and
LAG-3 expression was unaltered (Fig. 2, D–F; and Fig. S2, F and
G). Coexpression of PD-1 with LAG-3 or TIM-3, previously sug-
gested to be indicative of a highly dysfunctional CD8+ T cell

phenotype (Fourcade et al., 2010; Kurtulus et al., 2019; Matsuzaki
et al., 2010; Sakuishi et al., 2010; Woo et al., 2012), was also
unaltered (Fig. 2 G and Fig. S2, H and I). This suggests that these
intratumor CD8+ T cells are somewhat more activated in Ackr4−/−

mice than those in WT mice but are not fully dysfunctional,
indicating they may be more amenable to PD-1 blockade

To test if CD8+ T cells were responsible for the reduced
tumor growth in Ackr4−/− mice, WT and Ackr4−/− mice were
administered depleting anti-CD8β antibodies (Fig. 2 H). De-
pletion of CD8+ T cells from WT mice had no effect on E0771
tumor growth. However, depletion of CD8+ T cells from
Ackr4−/− mice significantly enhanced tumor growth, with tu-
mors reaching similar sizes to that seen in WT mice. To
compare tumor-specific CD8+ T cell responses more precisely,
WT and Ackr4−/− mice were injected with an E0771 cell line
expressing the model antigen ovalbumin (E0771-OVA) to al-
low subsequent detection of OVASIINFEKL-specific CD8+ T cells
by tetramer staining. At day 11 after injection with E0771-OVA
cells, there was an increased number of OVASIINFEKL-specific

Figure 1. Loss of ACKR4 inhibits tumor growth in vivo. (A) Age of tumor
onset for MMTV-PyMT B6 (Ackr4+/+) and Ackr4−/− mice; n = 31 (Ackr4+/+), 14
(Ackr4−/−), Mantel–Cox test. (B) Total weight of mammary glands in MMTV-
PyMT B6 and Ackr4−/−at 20 wk of age; n = 31 (Ackr4+/+), 14 (Ackr4−/−), un-
paired t test. (C and D) Survival curve of WT and Ackr4−/− mice inoculated
with 25 µg (C) or 300 µg (D) MCA in the hind flank (C: n = 8, 20; D: n = 13, 8,
Mantel-Cox test). (E and F) Growth curves (E) and weights (F) of WT or
Ackr4−/− mice injected with 105 E0771 mammary carcinoma cells. Data in E
and F are pooled from three independent experiments; n = 16–21 (E, two-way
ANOVA; F, unpaired t test). Data are presented as mean ± SEM. *, P ≤ 0.05;
***, P ≤ 0.001.
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CD8+ T cells in tumors from Ackr4−/− mice, compared with WT
controls (Fig. 2 I). Furthermore, a greater proportion of in-
tratumor CD8+ T cells from Ackr4−/− mice were undergoing
proliferation in situ as indicated by expression of the prolif-
eration marker Ki67 (Fig. 2 J and Fig. S1 J). In contrast, there
was no difference in the quantity of tumor-specific CD8+

T cells in dLNs between Ackr4−/− and WT mice (Fig. S1 K),
indicating that their enhanced presence in tumors was not a
consequence of increased priming of these cells in the LN.
Furthermore, there was a significant decrease in Ki67 ex-
pression on CD8+ T cells from the dLN of Ackr4−/− mice com-
pared with WT mice (Fig. S1 L), in line with previous reports
indicating that Ackr4−/−mice show a defect in T cell priming in
LNs (Comerford et al., 2010; Ulvmar et al., 2014). Together,
these data reveal that despite defects in LN priming of tumor-
specific CD8+ T cells, Ackr4−/− mice have enhanced intratumor
accumulation and proliferation of CD8+ T cells, resulting in
reduced tumor growth.

Enhanced retention of CD103+ DCs in Ackr4−/− tumors
Previous reports have demonstrated a role for ACKR4 in regu-
lating DC trafficking to tissue-draining LNs (Bryce et al., 2016;
Heinzel et al., 2007; Ulvmar et al., 2014). Given that CD103+ DCs
express CCR7 upon maturation and are a critical regulator of
antitumor CD8+ T cell responses (Broz et al., 2014; Roberts et al.,
2016; Spranger et al., 2017), we hypothesized that loss of ACKR4
in tumor settings leads to dysregulation of CD103+ DCmigration.
In E0771 tumors grown in Ackr4−/−mice, there was an increase in
total Ly6C− MHC-II+ CD11c+ DC frequency and number com-
pared withWT (Fig. 3, A and B), as well as an increase in CD103+

DC numbers, although in line with previous reports these rep-
resented a small proportion of the overall DC infiltrate (Spranger
et al., 2017; Fig. 3 C). The bulk of the DC infiltrate in E0771 tu-
mors were the noncross-presenting CD172a+ cDC2 population,
which were also increased in Ackr4−/− mice (Fig. 3 D).

Conventional DCs, including CD103+ DCs, are known to rely on
CCR7-mediated signaling for egress from tissues (Ohl et al., 2004;

Figure 2. ACKR4-deficient mice mount an
enhanced antitumor CD8+ T cell response.
(A–G)WT or Ackr4−/−micewere injectedwith 105

E0771 cells and analyzed 18–21 d after injection.
(A) Frequency of CD44hi CD8+ T cells (of total
viable cells) in tumors; n = 11–13, unpaired t test.
MFI, mean fluorescence intensity. (B) Frequency
of IFN-γ expression in intratumor CD8+ T cells
and MFI of IFN-γ+ CD8+ T cells; n = 6–7, unpaired
t test. (C and D) Frequency of granzyme B (C) or
PD-1 expression (D) in intratumor CD8+ T cells;
n = 17, unpaired t test. FSC-A, forward scatter
area. (E–G) Frequency of TIM-3 (E), LAG-3 (F),
PD-1+ TIM-3+ (G), or PD-1+ LAG-3+ expression in
intratumor CD8+ T cells; n = 10–11. (H) WT or
Ackr4−/− mice were injected with E0771 cells and
treated with 100 µg anti-CD8β depleting anti-
body or isotype control. Tumor growth curve; n =
9–14, two-way ANOVA. m.f.p., mammary fat pad.
(I) Frequency (of total viable cells) and number of
OVA-specific CD8+ T cells in E0771-OVA tumors;
n = 6–7 mice, unpaired t test. (J) Representative
flow cytometry and geometric mean fluores-
cence intensity (gMFI) of Ki67 on intratumor
CD8+ T cells from mice injected with 105 E0771
cells; n = 10, unpaired t test. Data are pooled (A,
C, G, and H) or representative (B, I, and J) from at
least two independent experiments (experi-
ments shown in E–G were performed once).
Data represent mean ± SEM; *, P ≤ 0.05; **, P ≤
0.01; ****, P ≤ 0.0001; ns, P > 0.05.
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Roberts et al., 2016; Tal et al., 2011; Weber et al., 2013). Upon DC
maturation, CCR7 expression is induced, which enables migration
toward CCL21-expressing lymphatic vessels and subsequent tissue
egress. Thus, it was also assessed whether the enhanced abundance
of DC populations in tumors was coupled to a reduction in dLN
numbers. There was a significant decrease in migratory CD103+ DC
numbers in dLNs of Ackr4−/− mice (Fig. 3 E), which along with their
enhanced presence in tumors, suggested that CD103+ DCs displayed
reduced capacity to egress from tumors to LNs in Ackr4−/− mice.
Migratory cDC2 numbers were unaltered in dLNs (Fig. 3 F),
suggesting that the increased abundance of cDC2s in tumors in
Ackr4−/− hosts is not related to a defect in migration from tumor
to LN. This difference in migration may reflect altered control
of cDC2 egress compared with that of CD103+ DCs, a precedent
being the recent observation that regulatory T cells can specifi-
cally hinder egress of cDC2, but not CD103+ DC from tumors
(Binnewies et al., 2019), although these data do not rule out a role
for increased recruitment of DCs into the tumor. Regardless,
these data support a model whereby ACKR4 regulates migration
of CD103+ DCs within the tumor microenvironment.

ACKR4 regulates DCs in tumors by controlling
CCL21 abundance
ACKR4 expression has predominantly been reported on cells of
nonhematopoietic origin (Heinzel et al., 2007; Lucas et al., 2015),

although we recently reported its expression on activated B
lymphocytes (Kara et al., 2018). Therefore, to determine
whether the effect of deletion of ACKR4 on tumor growth is
mediated through the hematopoietic or stromal compartments
or both, bone marrow (BM) chimeras were generated where
ACKR4 deficiency was restricted to either the hematopoietic
(Ackr4−/− → WT) or nonhematopoietic (WT → Ackr4−/−) com-
partments. E0771 tumor growth in chimeric mice lacking he-
matopoietic ACKR4 expression was unimpaired relative to WT
chimeric controls (Fig. 4 A). However, nonhematopoietic dele-
tion of ACKR4 was indispensable for the inhibited tumor growth
seen in complete Ackr4−/− mice.

Given that ACKR4 is a known scavenger of CCR7 ligands, we
hypothesized that the alterations in tumor-infiltrating DCs were
a result of aberrant regulation of these chemokines, akin to
previously reported defects in DC egress from Ackr4−/− skin
(Bryce et al., 2016). We found a significant increase in CCL21
protein in E0771 tumors grown in Ackr4−/− mice compared with
WT mice (Fig. 4 B). While CCL25 was detected, there was no
difference in its abundance between tumors grown in these
strains, and CCL19 remained undetectable. The increased CCL21
within tumors grown in ACKR4-deficient mice implies that one
or more cell types within the tumor stroma express ACKR4,
controlling CCL21 abundance at this site. To test this, stromal
populations (CD45− mCherry−) from E0771mCherry tumors

Figure 3. Loss of ACKR4 promotes intratumor DC
accumulation. WT or Ackr4−/− mice were injected with
E0771 cells, and tumors were analyzed 18 d later. (A)
Representative gating strategy for intratumoral DCs
pregated on live CD45+ cells. FSC, forward scatter.
(B–D) Frequency (of total viable cells) and number of
intratumor (B) DCs (MHC-II+ CD11c+ Ly6C−), (C) CD103+

DCs, and (D) CD172a+ cDC2s. (E and F) Frequency and
number of migratory (E) CD103+ DCs and (F) CD172a+

cDC2s in dLNs. Data are pooled from two independent
experiments (B) or representative of at least two inde-
pendent experiments (C–F); n = 6–10 mice, unpaired
t test. Data are presented as mean ± SEM. *, P ≤ 0.05;
**, P ≤ 0.01.
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were sorted and analyzed for Ackr4 expression by quantitative
PCR (qPCR). Expression of Ackr4 was restricted to gp38+ CD31−

fibroblasts (Fig. 4, C and D). Intriguingly, and in line with pre-
vious reports, these cells were also the major source of Ccl21
(Peske et al., 2015). Fibroblasts in tumor environments are
known to be heterogenous populations, with capability to both
support and hinder antitumor responses (Costa et al., 2018;
Turley et al., 2015). Thus, it is possible CCL21 production and its
regulation through expression of ACKR4 is via distinct pop-
ulations of fibroblasts.

To determine whether the enhanced retention of CD103+ DCs
within the tumor and inhibition of tumor growth observed in
Ackr4−/− mice arose directly from excess CCL21, E0771 tumors
were established in contralateral inguinal mammary glands in
WT mice, and beginning from the day of E0771 injection, 3 µg
CCL21 or the control peptide (MCPala) was administered every
3 d to each site of injection and into tumors once tumors were
palpable. Administration of CCL21 led to a significant inhibition
of tumor growth compared withMCPala-treated tumors (Fig. 4, E
and F). Intratumor CCL21 levels achieved by exogenous dosing
were similar to levels seen in Ackr4−/− mice (Fig. 4 G). Further-
more, this was associated with a significant increase in both
CD103+ DC and CD172a+ cDC2 abundance in these tumors

(Fig. 4 H). Finally, we confirmed that the reduced tumor growth
observed in ACKR4-deficient mice was mediated through in-
creased CCL21, as neutralization of CCL21 increased tumor
growth to sizes similar to that of WT mice (Fig. 4 I). Thus, in-
creased intratumor availability of CCL21 as a result of ACKR4
deletion directly enhanced accumulation of intratumor DCs.

Stromal ACKR4 promotes tumor metastasis
Next, it was assessed whether loss of ACKR4 also affected tumor
metastasis. Ackr4−/− mice showed reduced tumor colonization of
the lung compared with WT mice when injected intravenously
with B16 melanoma, 3LL lung carcinoma, or RM1 prostrate
carcinoma cells (Fig. S2, A–C). In a spontaneous metastasis
model where E0771 primary tumors were resected at day 15,
Ackr4−/− mice also had enhanced survival compared with WT
mice (Fig. S2 D). Mixed BM chimeras showed that loss of non-
hematopoietic ACKR4 was both necessary and sufficient to in-
hibit lung metastasis in the B16 model (Fig. S2 E), suggesting a
stromal source of ACKR4 regulates tumor lung colonization. In
contrast to the CD8-mediated protection against E0771 tumor
growth in ACKR4-deficient mice, protection in the intravenous
B16 melanomamodel is known to be largely mediated by natural
killer (NK) cells (Saijo et al., 1984; Takeda et al., 2011). Thus, the

Figure 4. ACKR4 regulates CCL21 availability and
enhances intratumor DC retention. (A) E0771 tumor
growth in BM chimeras of WT and Ackr4−/− mice (donor
BM→host). Mice were injected with 5 × 105 E0771 cells at
least 8 wk after reconstitution; n = 9, two-way ANOVA.
(B) CCL21 and CCL25 abundance in endpoint E0771 tu-
mors; n = 6, unpaired t test. (C and D) Ackr4 and Ccl21
expression in stromal cells sorted from d13 E0771-
mCherry tumors. (C) Representative gating strategy,
pregated on CD45− mCherry− cells. (D) Relative expres-
sion of Ackr4 and Ccl21 by qPCR; n = 7, one-way ANOVA.
(E–H) WT mice were injected with 105 E0771 cells into
contralateral sides of the inguinal mammary glands.
MCPala or CCL21 (3 µg) was injected into contralateral
glands every 3 d from the day of E0771 injection; n = 19
mice. (E) Tumor growth curves; two-way ANOVA.
(F) Tumor weights at day 21 after injection; paired
t test. (G) Intratumor CCL21 abundance; paired t test.
(H) Frequency of intratumor CD103+ and CD172a+

cDC2s (of total viable cells); n = 10, paired t test.
(I) E0771 tumor growth in WT and Ackr4−/− mice
treated with control or anti-CCL21 (100 µg) every 6 d
from day −1; n = 6, two-way ANOVA. Data are repre-
sentative (A, B, H, and I) or pooled (C−G) from at least
two independent experiments. Data are presented as
mean ± SEM. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001;
****, P ≤ 0.0001.
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dependence of this phenotype on NK and CD8+ T cells was tested
in metastasis in the E0771 model. Consistent with previous re-
ports, CD8+ T cell depletion had no effect on the reduced me-
tastasis observed in Ackr4−/− mice compared with WT mice (Fig.
S2 F). By contrast, depletion of NK cells or IFN-γ neutralization
increased metastasis in both Ackr4−/− mice and WT mice to an
equivalent level. Thus, unlike in the primary tumor model, the
enhanced protection against metastasis seen in ACKR4-deficient
mice was dependent on NK cells, but not CD8+ T cells.

Loss of ACKR4 improves the efficacy of checkpoint inhibitors
Given that presence of intratumor CD8+ T cells in primary tu-
mors is associated with increased responsiveness to immune
checkpoint inhibitors (Tumeh et al., 2014), we assessed whether
enhancing CD8+ responses through loss of ACKR4 also improved
efficacy of immunotherapies. E0771 is relatively resistant to
anti-PD-1 monotherapy (data not shown), but agonist mono-
clonal antibodies reactive with CD137 (4-1BB), a potent cos-
timulatory molecule for T and NK cells (Chester et al., 2018;
Melero et al., 1997), display antitumor activity against E0771
(Fig. 5 A). Treatment of WT mice bearing E0771 tumors with
agonistic mAb against CD137 reduced tumor growth compared
with control-treated mice; however, tumor growth was further
inhibited in Ackr4−/− mice treated with anti-CD137 mAb, indi-
cating enhanced efficacy in the absence of ACKR4 (Fig. 5 A). To
test whether the improved efficacy of anti-CD137 treatment was
directly a result of increased CCL21, CCL21 (or a control MCPala
peptide) was dosed in combination with anti-CD137 therapy.
Indeed, exogenous administration of CCL21 significantly im-
proved the efficacy of anti-CD137 (Fig. 5 B).

To test responsiveness to anti–PD-1 and anti–CTLA-4 com-
bination therapy, we first employed the B16F10 melanoma
model. There was a modest reduction in tumor growth in
Ackr4−/− mice treated with control antibody compared with
equivalently treated WT mice (Fig. 5 C), indicating that loss of
ACKR4 alone was not sufficient to greatly improve antitumor
responses in all tumor types. Anti–PD-1/anti–CTLA-4 dual
therapy reduced tumor burden; however, the extent of inhibi-
tion induced by combination therapy was significantly greater
in Ackr4−/− mice compared with their WT counterparts. Similar
results were observed in the anti-PD-1-responsive MC38 colon
adenocarcinoma model (Fig. 5 E). Anti–PD-1 mAb treatment was
still significantly more effective in Ackr4−/− mice than WT mice.
Furthermore, anti–PD-1/anti–CTLA-4 combination therapy re-
sulted in minimal tumor burden in Ackr4−/− mice (seven out of
eight tumors rejected) compared with WT mice (four out of
eight tumors rejected). Intratumor administration of CCL21 also
improved anti-PD-1/anti-CTLA-4 efficacy in both B16 and MC38
models in WT mice (Fig. 5, D and F). Finally, CCL21 neutraliza-
tion in Ackr4−/− mice treated with anti–PD-1/anti–CTLA-4 ab-
rogated the improved response to immune checkpoint blockade
(Fig. 5 G), indicating the protective effect of Ackr4−/− mice is
directly dependent on increased intratumor CCL21 abundance.
Thus, in the absence of ACKR4, where there was an enhanced
intratumor CD8+ T cell presence, multiple immunotherapies
directed at increasing the quality of the T cell response showed
enhanced efficacy.

ACKR4 correlated with reduced survival in stratified The
Cancer Genome Atlas (TCGA) data
To assess whether this work may also be relevant in human
breast cancer, we interrogated the TCGA database of RNA-
sequencing data for primary breast carcinoma. Parsing tumors
by a median split of ACKR4 expression into high or low groups
did not correlate with significant differences in overall patient
survival (Fig. S3 A). However, we reasoned that reduced ACKR4
expression may not be effective in inducing antitumor re-
sponses in “immune desert” tumors. Therefore, to enrich for
tumors with an active immune response, samples were further
parsed based on high expression of CD8A, PRF1, or IFNG. In these
subgroups, there was a significant reduction in patient survival
when tumors had high expression of ACKR4 (Fig. S3, B–D).

In summary, we have shown here that ACKR4 deficiency leads
to inhibition of tumor growth in orthotopic, transgenic, and
chemically induced models of cancer. The loss of ACKR4 led to in-
creased intratumor levels of CCL21, which was associated with an
increase in CD103+ DC number in the tumor and enhanced accu-
mulation and proliferation of intratumor CD8+ T cells, which were
essential for the tumor control observed in Ackr4−/− hosts. Fur-
thermore, loss of ACKR4 or intratumor CCL21 dosing enhanced
responsiveness to multiple immunotherapies, suggesting targeting
intratumor DCs through the ACKR4/CCL21 axis may hold promise
as a potential therapeutic target to complement existing approaches.

CD103+ DCs have considerable interest as a therapeutic target
due to their many effects on enhancing antitumor CD8+ T cell
responses (Broz et al., 2014; Hildner et al., 2008; Spranger et al.,
2015, 2017). We show here that increasing CD103+ DCs at the
tumor site, at the expense of their presence in dLN, is associated
with a greater tumor-specific CD8+ T cell response and inhibited
tumor growth, potentially due to increased intratumor recruit-
ment and/or enhanced stimulation of primed CD8+ T cells that
reach the tumor site, as evidenced by the enhanced expression of
IFN-γ and Ki67 in intratumor CD8+ T cells from ACKR4-deficient
mice. These observations additionally suggest that there is a
threshold of DC trafficking required to initiate CD8+ T cell
priming, which is still reached in the Ackr4−/− mice, and subse-
quently tumor-residing DCs are more influential in the response
than LN-residing DCs. More broadly, these results imply that
therapies aimed at enhancing CD103+ DC frequency and activity
specifically in the tumor will result in more beneficial outcomes.

This study provides rationale for two possible avenues for
therapeutic intervention: inhibitory targeting of ACKR4, with
subsequent effects on its three chemokine ligands, or, more
specifically, exogenous administration of CCL21, with both ap-
proaches yielding beneficial outcomes here. The effects of
ACKR4 on tumor growth in this study seem to be mainly me-
diated through scavenging of CCL21 alone, and the results of
intratumor CCL21 dosing build on previous studies demon-
strating its efficacy (Sharma et al., 2000, 2003). The antitumor
activity of CCL21 has previously been reported to be dependent
on the CXCR3 ligands CXCL9 and CXCL10 (Sharma et al., 2003),
which is consistent with the CXCR3-mediated recruitment of
CD8+ T cells by intratumor CD103+ DC expression of these
chemokines. Intriguingly, CCL21 has also been shown to be a
ligand for CXCR3 in microglial cells (Rappert et al., 2002; Soto
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et al., 1998). This raises the possibility that increased levels of
CCL21 in the tumor microenvironment may contribute to direct
recruitment of CXCR3-expressing CD8+ T cells, although to date,
no relationship of CXCR3 and CCL21 outside of the central ner-
vous system has been found. These findings warrant further
investigation of the potential targeting of the CCL21/ACKR4 axis
to improve immunotherapy efficacy.

Materials and methods
Mice
All mice were housed at the University of Adelaide animal house
or QIMR Berghofer animal house under specific pathogen–free

conditions. C57Bl/6J mice were purchased from the Animal Re-
source Centre (Western Australia, Australia) or Walter and Eliza
Hall Institute of Medical Research and bred in-house. Ackr4−/−

mice have been previously described (Comerford et al., 2010) and
were bred in-house at either the University of Adelaide or QIMR
Berghofer. MMTV-PyMT+ and MMTV-PyMT+ Ackr4−/− mice were
bred in-house. All mice were backcrossed onto C57Bl/6J for a
minimum of 16 generations. Experiments used age-matched and
gender-matched mice between 6 and 15 wk of age, with both lit-
termates and nonlittermates used as controls. Mice were hu-
manely euthanized by CO2 asphyxiation. All experiments were
conducted with the approval of the University of Adelaide Animal
Ethics Committee or QIMR Berghofer Animal Ethics Committee.

Figure 5. ACKR4 deficiency enhances responsiveness to immunotherapy. (A) Tumor growth in WT or Ackr4−/− mice injected with 105 E0771 cells and
administered 100 µg anti-CD137 (clone 3H3) or rat IgG every 3 d from days 10 to 19; n = 7–9. (B) Tumor growth in WT mice injected with 105 E0771 cells and
administered MCPala or CCL21 (3 µg intratumorally) plus 100 µg anti-CD137 or rat IgG every 3 d from days 10 to 19; n = 5. (C) Tumor growth in WT or Ackr4−/−

mice injected with 105 B16F10 cells and administered 250 µg anti–PD-1 (clone RMP1-14) and 250 µg anti–CTLA-4 (clone UC10-4F10) or 500 µg control rat/
hamster Ig every 3 d from days 6 to 15; n = 5–6 mice. (D) Tumor growth in WT mice injected with 105 B16F10 cells and administered MCPala or CCL21 (3 µg
intratumorally) plus 250 µg anti–PD-1 and 250 µg anti–CTLA-4 or 500 µg control rat/hamster Ig every 3 d from days 6 to 15; n = 6. (E) Tumor growth curves
fromWT or Ackr4−/− mice injected subcutaneously with 105 MC38 cells and administered 250 µg anti–PD-1, 250 µg anti–PD-1/250 µg anti–CTLA-4, or 500 µg
rat/hamster Ig every 3 d from days 12 to 21; n = 7–8 mice. (F) Tumor growth curves from WT mice injected subcutaneously with 105 MC38 cells and ad-
ministered MCPala or CCL21 (3 µg, intratumorally) plus 250 µg anti–PD-1 and 250 µg anti–CTLA-4 or 500 µg rat/hamster Ig every 3 d from days 12 to 21; n = 10
mice. (G) Tumor growth curves fromWT or Ackr4−/−mice injected subcutaneously with 105 MC38 cells and administered 250 µg anti-PD-1 (clone RMP1-14) and
250 µg anti–CTLA-4 (clone UC10-4F10) or 500 µg rat/hamster Ig every 3 d from days 12 to 21 plus control or anti-CCL21 (100 µg) every 6 d from day −1; n = 6–7
mice. Data are representative from two independent experiments (A–F) or are from one experiment (G). All statistical analyses were performed using a two-
way ANOVA, and data are presented as mean ± SEM. **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Cancer models
For primary tumor models, E0771 mammary carcinoma cells
(105), E0771-OVA cells (5 × 105), MC38 colon adenocarcinoma
cells (105), or B16F10 melanoma cells (105) were injected into
the fourth mammary gland (E0771) or subcutaneously (MC38,
B16F10). Tumor growth was measured every 2 d from days 4 to
7 using digital calipers (Mitutoyo), with tumor size calculated
as the multiple of the longest tumor diameter with its perpen-
dicular diameter. For MMTV-PyMT models, female mice were
palpated twice weekly for tumor onset beginning from 8 wk of
age. For fibrosarcoma models, male mice were injected subcu-
taneously in the hind flank with the indicated dose of MCA
dissolved in 100 µl sterile corn oil. For hematogenous metastasis
models, B16F10 cells, 3LL lung carcinoma, or RM1 prostate cells
were injected via the tail vein at the dose indicated in text. Lung
metastasis was measured by harvesting lungs at day 14 after
inoculation and enumerating metastatic nodules on the surface
of the lung using a dissection microscope. For spontaneous me-
tastasis, WT or Ackr4−/− mice injected orthotopically into the
mammary gland with 2 × 104 E0771 cells, and primary tumors
were resected at day 15. Survival of mice after surgery was
monitored. Cells were confirmed to be free of mycoplasma
contamination by PCR analysis.

In vivo treatments
For depletion and neutralization experiments, mice were in-
jected intraperitoneally with 100 µg anti-CD8β (53.5.8; BioXCell)
to deplete CD8+ T cells, 50 µg anti-asialoGM1 (Wako) to deplete
NK cells, 250 µg anti-IFNγ (H22; Leinco Technologies), or 100 µg
anti-CCL21 (Comerford et al., 2010) with the dosing schedule
indicated in text/figure legends. For CCL21 treatments, female
mice were injected into contralateral sides of the fourth mam-
mary gland with 105 E0771 cells. Beginning from the day of tu-
mor injection, mice were anesthetized and injected every 3 d
with 3 µg CCL21 or MCPala, a truncated peptide control (Kara
et al., 2013; Kohler et al., 2008), into contralateral mammary
glands or palpable tumors. For immunotherapy experiments,
mice were injected intraperitoneally with 100 µg anti-CD137
(3H3; BioXCell), 250 µg anti-PD-1 (RMP1-14; BioXCell), 250 µg
anti-CTLA-4 (UC10-4F10; BioXCell), or the equivalent amount of
control rat or hamster Ig in sterile PBS, in accordance with the
dosing schedule in text.

Flow cytometry
Excised tumors were manually minced into small pieces and
digested with 1mg ml−1 collagenase IA (Sigma-Aldrich) and 30 U
ml−1 DNase I (Sigma-Aldrich) for 40–120 min at 37°C, with
mixing every 20 min. Tumor homogenates were passed through
a 70-µm filter (BD Biosciences) and lysed of red blood cells. In-
guinal LNswere excised, and single-cell suspensions obtained by
pressing through a 70-µm filter.

Single-cell suspensions were plated into round-bottom 96-
well trays (Corning) at 8 × 105–2 × 106 cells per well, blocked
with 200 µg ml−1 mouse γ-globulin (Rockland), and stained in
FACS buffer (PBS + 2% FCS + 0.04%NaN3) with CD44 (IM7), CD8
(53–6.7), CD4 (GK1.5; RM4-5), CD3 (145-2C11), IFN-γ (XMG1.2),
GzmB (GB11), Ki67 (SolA15), MHC-II (2G9), Ly6C (AL-21), CD11c

(N418) CD103 (2E7), CD172a (P84), CD45 (30-F11), CD45.2 (104),
CD24 (M1/69), CD49f (GoH3), CD140α (APA5), gp38 (8.1.1),
Foxp3 (MF23; FJK-17s), or NK1.1 (PK136). H-2Kb-SIINFEKL tet-
ramers (Denton et al., 2011) were kindly provided by Professor
Stephen Turner (Department of Medicine, Nursing and Health
Sciences, Monash University, Clayton, Victoria, Australia) and
conjugated in-house. CD1d-GalCer tetramers were kindly pro-
vided by Professor Dale Godfrey (Department of Microbiology
and Immunology, The University of Melbourne, Parkville, Vic-
toria, Australia). All antibodies were purchased from BD Bio-
sciences, eBioscience, or BioLegend, unless otherwise stated.
Biotinylated antibodies were detected by incubation with
streptavidin-AF647 (BioLegend) or -BV510 (BD Biosciences).
Dead cells were excluded by staining with near-infrared fixable
dye diluted 1:1,000 (Life Technologies). For intracellular cyto-
kine staining, cells were first incubated with 20 ngml−1 phorbol-
12-myristate 13-acetate (Sigma-Aldrich), 1 nM ionomycin (Life
Technologies), and GolgiStop (1:1,500 dilution; BD Biosciences)
in complete IMDM for 4 h at 37°C. For intracellular cytokine
staining or transcription factor staining, the BD Cytofix/Cyto-
Perm kit (BD Biosciences) or the Foxp3/Transcription Factor
Staining Buffer Set (Thermo Fisher Scientific) were used, re-
spectively, according to the manufacturer’s instructions. Flow
cytometry data were acquired on a LSR II, FACSAria, or Fortessa
(all BD Biosciences) and analyzed using FlowJo software (BD
Biosciences). Cell frequencies are presented as a percentage of
total viable cells, unless otherwise stated. Cell sorting experi-
ments were performed on an Aria III (BD Biosciences).

ELISA
After digestion of E0771 tumors or naive mammary glands,
protease inhibitors (Sigma-Aldrich) were added to the super-
natant, which was stored at −80°C. Capture antibodies against
mouse CCL19, CCL21, or CCL25 (R&D Systems) were diluted in
0.1 M NaHCO3 and incubated at 4°C overnight. Plates were
blocked with 3% BSA/PBS and incubated with tumor/mammary
gland supernatant, followed by incubation with the respective bio-
tinylated detection antibody against mouse CCL19, CCL21, or CCL25
(R&D Systems). Plates were then incubated with streptavidin-
HRP (Rockland), developed with TMB Substrate solution (Thermo
Fisher Scientific), stopped with 1M orthophosphoric acid, and
read at 450 nm on a Biotrak II spectrophotometer (Amersham
Biosciences).

BM chimeras
WT and Ackr4−/− mice were irradiated twice with 1,050 cGy/rad
and reconstituted intravenously with 5 × 106 total BM cells from
WT or Ackr4−/− donors. Mice were left for at least 8 wk to allow
reconstitution before initiating experiments.

qPCR
Total RNA was extracted from sorted mammary gland cells
using the RNeasy Micro Kit (Qiagen) with on-column DNase
treatment and reverse-transcribed into cDNA using the
Transcriptor First Strand cDNA Synthesis Kit (Roche Applied
Science). qPCR was conducted using LightCycler480 SYBR
Green IMaster mix (Roche Applied Science) on a LightCycler480
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instrument (Roche Applied Science). All procedures were
performed as per the manufacturer’s instructions. Cycle threshold
(CT) values were determined by the second derivative method,
and relative gene expression of Ackr4 to the housekeeping
gene Rplp0was calculated using the formula 2−[CT(Ackr4)–CT(Rplp0)].
The melting curve of each product was also analyzed to confirm
the specificity of the product (Rplp0, forward: 59-TGCAGA
TCGGGTACCCAACT-39, reverse: 59-ACGCGCTTGTACCCATTG
A-39; Ackr4, forward: 59-AATGCTAGGTGCACTCCCATCT-39,
reverse: 59-GCCGATTTCCAGCATCTGA-39; Ccl21, forward: 59-GCA
AAGAGGGAGCTAGAAAACAGA-39, reverse: 59-TGGACGGAGGCC
AGCAT-39).

TCGA analysis
All available RNA-sequencing data for primary solid tumors was
downloaded from the BRCA section of the TCGA database as
gene-level counts using the R package TCGAbiolinks (Colaprico
et al., 2016). Genes were filtered out if their average expression
was in the bottom quartile. Principal-component analysis was
used to remove any outlier plates. Expression values were
converted to log2 counts per million for across samples, and
expression values for ACKR4, CD8A, IFNG, and PRF1 were clas-
sified as low or high based on the median expression value
across samples. Survival curves were generated taking ACKR4
high/low expression within the high expression groups for
CD8A, IFNG, and PRF1. Pairwise comparisonswere performed using
the log-rank test, with P values adjusted using the Benjamini–
Hochberg method.

Statistics
All statistical analyses were performed with GraphPad Prism or
R. Samples sizes for sufficient statistical power were determined
empirically. Significance was defined as P < 0.05.

Online supplemental material
Fig. S1 shows additional tumor-infiltrating lymphocytes and
T cell priming in E0771 tumors. Fig. S2 shows the effect of
ACKR4 deletion on metastasis. Fig. S3 shows transcriptome
analysis of human breast cancer patients from the TCGA
database.
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Figure S1. Tumor-infiltrating lymphocytes and CD8+ T cell priming in mice bearing E0771 tumors. (A–G) WT or Ackr4−/− mice were injected with 105

E0771 cells into the fourth mammary gland and analyzed 18–21 d after injection. (A) Representative gating and frequency (of total viable cells) of intratumor
CD44hi CD4+ T cells; n = 11–13. (B) Representative gating and frequency of intratumor Foxp3+ regulatory t cells. n = 5–6. (C) Representative gating and
frequency of intratumor NK cells and NK1.1+ CD3+ NKT cells. n = 5–6. (D) Representative gating and frequency of type I invariant NKT cells. n = 5–6. FSC, forward
scatter. (E–H) Representative gating strategy of intratumor CD8+ T cells for (E) granzyme B, (F) TIM-3, (G) LAG-3, (H) PD-1+ LAG-3+, and (I) PD-1+ TIM-3+ (data in
Fig. 2, C and E–G). (J) Representative gating strategy of OVA-specific CD8+ T cells in E0771-OVA tumors (data in Fig. 2 F). (K) Frequency and number of OVA-
specific CD44hi CD8+ T cells in dLNs of mice injected with 5 × 105 E0771-OVA cells; n = 6–7. (L) Representative gating and frequency of Ki67 expression on CD8+

T cells in the dLNs of mice injected with 105 E0771 cells. n = 10, unpaired t test. Data representative of at least two independent experiments. Data are presented
as mean ± SEM. *, P ≤ 0.05.
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Figure S2. Loss of nonhematopoietic ACKR4 inhibits tumor metastasis. (A–C) WT or Ackr4−/− mice were intravenously injected with (A) B16F10 mel-
anoma, (B) 3LL lung carcinoma, or (C) RM1 prostate cells, and the number of lung metastases were counted (n = 5–6 mice, Mann–Whitney test). (D) Survival
curve of WT or Ackr4−/−mice injected with 2 × 104 E0771 cells, with primary tumors resected at day 15 (n = 14–15, Mantel–Cox test). (E) Lung metastasis in BM
chimeras of WT and Ackr4−/− mice (donor BM→host). Mice were injected with 105 B16F10 cells, lungs were harvested 14 d after inoculation, and colonies were
counted (n = 7–9, Kruskal–Wallis test). (F)WT or Ackr4−/− mice were injected with 105 B16F10 cells and treated with depleting antibodies against CD8β (100
µg), asialoGM1 (50 µg), or IFNγ (250 µg) on days −1, 0, and 7 (n = 7–12, Kruskal–Wallis test). Data are pooled from two independent experiments and presented
as mean ± SEM. *, P ≤ 0.05; **, P ≤ 0.01; ****, P ≤ 0.0001.
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Figure S3. Low ACKR4 expression correlates with increased survival in stratified patient groups. (A) Survival curves from TCGA analyses of patients
with breast-invasive carcinoma stratified by ACKR4 expression, with the median log counts per million value across all samples as the boundary between low
and high expression. (B–D) Survival curves from patients with high expression of (B) CD8A, (C) PRF1, or (D) IFNG stratified by ACKR4 expression; n = 1,085,
pairwise comparisons by log-rank test, adjusted with Benjamini–Hochberg method. *, P ≤ 0.05; ns, P > 0.05.
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