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Immune checkpoint blockade has revolutionized cancer treatment. Patients developing immune
mediated adverse events, such as colitis, appear to particularly benefit from immune checkpoint
inhibition. Yet, the contributing mechanisms are largely unknown. We identified a systemic LPS
signature in melanoma patients with colitis following anti-cytotoxic T lymphocyte-associated
antigen 4 (anti-CTLA-4) checkpoint inhibitor treatment and hypothesized that intestinal
microbiota-derived LPS contributes to therapeutic efficacy. Because activation of immune cells
within the tumor microenvironment is considered most promising to effectively control cancer, we
analyzed human and murine melanoma for known sentinels of LPS. We identified mast cells (MCs)
accumulating in and around melanomas and showed that effective melanoma immune control
was dependent on LPS-activated MCs recruiting tumor-infiltrating effector T cells by secretion of
CXCL10. Importantly, CXCL10 was also upregulated in human melanomas with immune regression
and in patients with colitis induced by anti-CTLA-4 antibody. Furthermore, we demonstrate

that CXCL10 upregulation and an MC signature at the site of melanomas are biomarkers for

better patient survival. These findings provide conclusive evidence for a “Trojan horse treatment
strategy” in which the plasticity of cancer-resident immune cells, such as MCs, is used as a target to
boost tumor immune defense.

Introduction

Targeting the immune checkpoint inhibitors cytotoxic T lymphocyte—associated antigen 4 (CTLA-4) and
programmed cell death 1 (PD-1) prolongs the overall survival of patients with melanoma by activating T
cell-mediated antitumor immune responses (1). Yet, a substantial number of patients with melanoma prog-
ress because of innate or acquired resistance. To increase the response rates and to sustain treatment success,
combined targeting of different molecules and pathways is increasingly studied, with initial data demonstrat-
ing the superiority of dual strategies compared with single-target strategies (2). These approaches aim to pro-
mote the effectiveness of tumor-infiltrating effector T cells (TILs) by reversing immune suppression within the
tumor microenvironment (TME) (3, 4). Predictors for the therapeutic success of immune checkpoint inhib-
itors include the abundance of preexisting tumor-specific T cells at tumor sites (5, 6) and immune-mediated
adverse events such as colitis, which are associated with tumor regression (7—10). So far, little is known about
mechanisms contributing to the favorable patient outcome and adverse events after checkpoint inhibition.
Based on data demonstrating a role for the intestinal microbiota in the responses to cancer therapy (11-15),
we hypothesized that checkpoint inhibitor—associated colitis results in systemic exposure to microbial prod-
ucts like LPS, which contribute to immune modulation by targeting previously suppressive immune cells
within the TME. Important suppressive noncancerous cells in the TME are tumor-associated macrophages,
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myeloid-derived suppressor cells, tumor-infiltrating DCs, and cancer-associated fibroblasts (16, 17). In addi-
tion, mast cells (MCs) might have thus-far-underestimated therapeutic potential because they are long-lived
(18), frequently detected in the TME (19), and characterized by functional plasticity (20-22). MCs can serve
as important innate immune sentinels such as for LPS (23) and have the ability to enhance T cell-mediated
immune reactions but were also shown to suppress immune responses under other circumstances (22, 24-28).
Consistent with their functional plasticity, MC numbers in the TME were reported to correlate with cancer
progression as well as with improved patient survival (29).

Indeed, we identified a serum response signature indicative of exposure to intestinal microbiota—derived
LPS in melanoma patients with colitis after anti-CTLA-4 melanoma treatment. Furthermore, we detected
MCs in and around melanomas, and our in vivo models provide evidence that exposing these immune
cells adjacent to melanoma to LPS initiates melanoma immune defense. Importantly, effective melanoma
treatment was dependent on LPS-activated melanoma-resident MCs, which recruited TILs by secretion of
CXCL10. Our data provide strong evidence for a new treatment opportunity targeting MCs within the TME
by taking advantage of their plasticity. Additionally, a mast cell signature as well as CXCL10 expressed in
excised human tissues of primary melanomas proved to be positive biomarkers for patient survival.

Results
LPS signature in melanoma patients treated with o—CTLA-4 antibody. We analyzed 38 patients with stage IV mel-
anoma treated with anti-CTLA-4 and anti-PD-1 antibodies (ipilimumab and nivolumab) who developed
immune-related adverse events (irAEs) in terms of best overall response and overall survival. The results
showed that patients diagnosed with immune-related enterocolitis had a significantly better overall response
(Figure 1A; P = 0.0116) and significantly better survival (Figure 1B; P = 0.0042) compared with patients
who developed other irAEs. Complete response (CR) was observed in 25% of the patients with immune-re-
lated colitis compared with 4.55% of patients with other irAEs. Likewise, progressive disease (PD) was less
frequent in patients with immune-related colitis (25%) versus patients with other irAEs (59%). These find-
ings confirm and extend previous analyses on melanoma therapy with the anti-CTLA-4 antibody ipilimum-
ab. Here, enterocolitis, a leading irAE in melanoma therapy with the anti-CTLA-4 antibody ipilimumab, is
associated with tumor regression and now considered an independent predictor of improved survival (30).
Because immune-mediated enterocolitis leads to increased intestinal permeability, allowing systemic expo-
sure to intestinal microbiota—derived components, we wanted to identify dominant biomarkers and selected
serum samples from patients with stage IV melanoma before (“pre a—CTLA-4") and after (“post o—CTLA-4")
(Figure 1C) ipilimumab treatment and in the absence or presence of therapy-associated enterocolitis (“w/o
colitis” or “colitis,” respectively). Multiplex protein arrays from samples before therapy for proinflammatory
cytokines showed little difference between the 2 groups (pre 0o—CTLA-4, Figure 1C). In sharp contrast, a dom-
inant increase in proinflammatory cytokines and chemokines in the colitis group compared with the “w/o
colitis” group was observed following ipilimumab treatment (post o—CTLA-4, Figure 1C). Strikingly, the
LPS-induced key cytokines TNF-a, IL-8, and IL-6 (31) were increased only in the sera of patients with ipilim-
umab-triggered colitis (Figure 1D), indicating systemic exposure to intestinal microbiota—derived LPS follow-
ing enterocolitis-associated barrier defects in the gut. The interpretation of these findings as “LPS signature”
was confirmed by the detection of increased serum levels of the LPS-specific marker LPS binding protein
(LPS-BP) (32) in the colitis group only, with significantly higher intraindividual upregulation of LPS-BP fol-
lowing o—CTLA-4 administration compared with the patient group without colitis (Figure 1, E and F; Sup-
plemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.125057DS1). Analysis of sCD14, another LPS-inducible protein, provided similar data (Supplemental
Figure 1B). Importantly, analyzing 458 patients with melanoma from the data portal The Cancer Genome
Atlas (TCGA) of the National Institutes of Health (http://cancergenome.nih.gov) for the expression of the
LPS receptor TLR4 revealed a significantly longer median overall survival (P < 0.0001) for the 50th percentile
of patients with high compared with low TLR4 expression. The LPS signature and the beneficial role of the
presence of its receptor, TLR4, underline the potential role of TLR4 activation in melanoma-specific immune
defense (Supplemental Figure 2). This finding led us to investigate whether local exposure to the microbial cell
wall component LPS functions as an initiator of antitumor immune responses in melanoma.

LPS initiates melanoma immune defense. It is well known that antitumor immune responses are mediat-
ed primarily by tumor-specific T cells. In melanoma, spontaneous regression occurs and is mediated by
tumor-specific TILs, although the stimuli initiating this spontaneous regression are still unknown (33-35).
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Figure 1. LPS signature in melanoma patients treated with a-CTLA-4. (A) Best overall response to immunothera-
py with 0-CTLA-4 and o-PD-1in patients with stage IV melanoma as assessed by staging and the immune-related
adverse events (irAEs) and (B) Kaplan-Meier analyses comparing patients with checkpoint treatment-related
colitis (n = 16) and patients with other irAEs (n = 22). (C-F) Serum samples before and after a-CTLA-4 treatment of
patients with stage IV melanoma were divided into the following 2 groups: patients without (“w/o colitis”) or with
(“colitis”) therapy-provoked enterocolitis (n = 6 per group). (C) Heatmap of different protein levels as determined
by multiplex immunoassays of the sera. (D) Pie charts of protein serum levels of 3 LPS-induced key cytokines
shown in C, where the size of the pie pieces correlates with the expression level of the cytokines. The schematic
on the top shows the arrangement of the different conditions; the colors in the pie charts are the same as in the
heatmap. (E) Serum LPS-BP levels of the “colitis” group measured by quantitative ELISA. (F) Changes in LPS-BP
serum concentration with a-CTLA-4 treatment. P values were calculated with log-rank test (B), Wilcoxon's test
(E), or Mann-Whitney U test (F) using GraphPad Prism software. CR, complete response; PR, partial response; SD,
stable disease; PD, progressive disease. *P < 0.05; **P < 0.005.

To investigate whether local exposure to the microbial cell wall component LPS functions as an initiator
of antitumor immune responses, we established a mouse melanoma model. Ovalbumin-expressing (OVA-
expressing) B16 melanomas were grafted into the skin of mice, and adoptive transfer of OVA- and thus
tumor-specific OT-I and OT-II T cells was carried out 1 week later. Subsequently, the tissue surrounding
the tumors in these mice was complemented by 3 consecutive peritumoral LPS injections or vehicle control
(Figure 2A). In sham-treated mice, the transfer of tumor-specific T cells significantly reduced the tumor
volume by approximately 50% at day 14 (Figure 2B). In contrast, mice that received T cell transfer and
treatment with LPS completely controlled the tumor (Figure 2C). This effect was dependent on tumor-
specific T cells because their presence determines disease outcome in Terb™~ Terd”~ mice, which lack func-
tional endogenous T cells (Figure 2D), possibly mediating bystander effects in WT mice.

LPS selectively targets melanoma-resident MCs to initiate tumor defense. To analyze the underlying mecha-
nisms of LPS-induced tumor immune control, different cell types and pathways as possible targets of LPS
were considered. Therefore, we next investigated the natural initiation of local tumor immune control
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Figure 2. Melanoma immune control by exposure to LPS. (A) Protocol for the mouse melanoma model: 7 days after intradermal injection of B16-0VA
melanoma cells, adoptive transfer of tumor-specific OT-1 and OT-1I T cells (TCs) was performed, followed by 3 consecutive peritumoral injections of LPS or
PBS (control). (B-D) Tumor volume (mm?) of cutaneous melanomas in mice as referred to in the protocol in A over time (left) and at the endpoint, shown
as bars (right) with or without adoptive TC transfer and without (B) or with exposure to LPS (C) as indicated by arrows. (D) Tumor volume of melanomas
in Tcrb™- Terd™- mice lacking functional TCs. Data are presented as the mean + SEM (n = 6-9 per group). Differences were assessed by 2-way ANOVA and
Sidak’s multiple-comparisons test. *P < 0.05; **** ####P < 0.0001.

as it is found in human melanomas with immune regression (Figure 3A). H&E staining showed infiltrat-
ing lymphocytes and fibrosis as signs of immune regression (Figure 3A; arrowheads and black arrows,
respectively; Supplemental Figure 4A). Already in the H&E staining, increased numbers of cells with a
morphology indicative of MCs and of lymphocytes were detected (Supplemental Figure 3). Anti-CD3
immunohistochemistry characterized the infiltrating lymphocytes as T cells (Supplemental Figure 4B).
MC-specific immunohistochemistry with antitryptase antibody confirmed significantly increased MC
numbers within these areas of immune regression compared with the intraindividual areas of adjacent
normal skin (Figure 3, A and B, and Supplemental Figure 4C). To explore whether MC infiltration may
represent a meaningful biomarker in melanoma patients, we generated Z scores based on the expression of
55 MC signature genes (36) in cutaneous melanoma and defined groups as MC low and MC high (Figure
3C). Correlating them to patient survival, we found a significantly better outcome for patients with a high
MC Z score (Figure 3D, P < 0.0002). This also suggests that MC accumulation at the site of melanoma
is beneficial for patients with melanoma. To allow investigations regarding the functional consequenc-
es of MCs, we next analyzed our melanoma model. Similar to human melanomas, MC accumulation
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Figure 3. Mast cell accumulation adjacent to melanomas. (A) Representative photomicrograph of a human melanoma
with spontaneous immune regression (upper left) and histological sections thereof. Lower left: H&E staining of melano-
ma regression area with infiltrating lymphocytes and fibrosis as indicated by arrowheads and arrows, respectively (scale
bar: 100 um). Upper right: immunohistochemistry identifying MCs with antitryptase antibody (red stain; scale bar: 100
um) and magnification thereof as indicated by a rectangle (lower right, scale bar: 50 um). (B) Numbers of MCs within the
melanoma immune regression area compared with MCs in control healthy skin regions at the rim of the excised margins.
MC numbers/high-power field (HPF) are shown; n = 25; Wilcoxon's test was used for P value calculation. (€) MC signature
Z scores of 452 patients with melanoma derived from the TCGA data set as dichotomized values and (D) in correlation
with overall survival data of the patients. (E) Representative example of toluidine blue-stained sections of mouse B16-
OVA melanoma (arrows refer to MCs) and (F) MC quantification (MC numbers/HPF). Statistical difference was determined
by paired t test (n = 13). ****P < 0.0001.

was also observed next to melanomas in the mouse models (Figure 3, E and F). To investigate a poten-
tial involvement of MCs in the LPS-induced initiation of anti-melanoma immune response, we applied
our melanoma model with adoptive T cell transfer (Figure 2A) to 2 MC-deficient mouse lines. Both
B6.Cg-kit" """ mice (hereafter referred to as “Kit""/"=#") and Kit-independent MC-deficient Mcpt5-
cre* R-DTA"" mice failed to initiate melanoma immune defense upon LPS exposure (Figure 4, A and
B, respectively). In contrast, reconstituting the skin of Kit"="/"-* mice with in vitro—generated bone
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Figure 4. LPS targets melanoma-resident MCs to
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(mm?3) in mice over time according to the protocol
shown in Figure 2A with TC transfer. Right: Graphs
depict the tumor volume at the endpoint comparing
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Figure 5. MC-derived CXCL10 mediates melanoma immune control by TIL recruitment. (A) Cytokine array performed with supernatants from untreated
(upper left) and LPS-stimulated bone marrow-derived MCs (BMMCs) (lower left) and the 2 cytokines with the strongest LPS induction as determined

by densitometric quantification (right). (B) Induction of CCL2 and CXCL10 in LPS-exposed BMMCs compared with untreated BMMCs as determined by
quantitative ELISA. Means * standard deviation of 3 independent experiments are shown; P value was calculated with unpaired Student’s t test. (C-E)
Tumor volume over time (left) and at the endpoint (right) according to the protocol outlined in Figure 2A. (C) Kit"-""W-sh mice with or without MC reconsti-
tution demonstrating loss of tumor immune control with Cxc/107- MCs (n = 6-8 per group). (D) According to the protocol in Figure 2A, WT C57BL/6 mice
were exposed to LPS or PBS or CXCL10 by peritumoral injections (n = 14-16 per group). (E) Tumor analysis in T/r4~/~ Kit"-s"/"-sh mice with or without MC
reconstitution compared with WT C57BL/6 mice (n = 6-10 per group). (F) LPS-induced Cxcl10 expression in the skin of TIr4~/~ Kit"-s"/"-sh mice reconstitut-
ed with WT MCs. (Means + standard deviation; n = 6 per group; unpaired Student’s t test.) (G) In vitro Transwell migration assay with OT-l and OT-1I TCs
in the presence of either CXCL10 (left) or supernatant from LPS-exposed BMMCs (right) used as chemoattractants. Blocking anti-CXCL10 antibody was
used as a specificity control (means + SEM; n = 7-9 per group; unpaired Student’s t test). (H and 1) CD3* TC infiltration (TIL) adjacent to and within mel-
anomas of the experiment depicted in E. (H) Representative immunofluorescence tissue sections oriented with the epidermis to the top and the tumor
to the bottom (red, TCs; green, nuclear stain; scale bar: 50 um). (I) Flow cytometry analysis showing TILs (means + standard deviation). (J) According to
the protocol in Figure 2A, 14 days after B16-0VA inoculation, tumor volume (left) and TILs were determined by flow cytometry (right) in Tlr4~- KitW-sh/W-sh
mice reconstituted with Cxc/107/- MCs or WT MCs. P values calculated with 2-way ANOVA and Tukey's test (C-E and I) or with unpaired Student’s t test
(). % #P < 0.05; ** ##P < 0.005; *** ###P < 0.0005; **** ##44#P < 0.0001.

marrow—derived MCs (BMMCs) 6 weeks before tumor implantation (Supplemental Figure 5, A-C) com-
pletely restored LPS-induced melanoma immune control (Figure 4A). Of note, in some experiments,
accelerated melanoma growth led to half-maximal tumor volume at the start of immunotherapy. Howev-
er, even under these conditions, LPS exposure and MCs were able to establish immune control of mela-
nomas (Figure 4B). LPS is recognized by TLR4, which is also expressed by MCs (37, 38) (Supplemental
Figure 5D). To address whether MCs are directly targeted by LPS, the skin of TLR4-deficient mice was
populated with either WT or TIlr4”~ MCs. The latter showed unchanged responsiveness to different stim-
uli in vitro, except to LPS (Supplemental Figure 5E). In TLR4-deficient mice, only reconstitution with
WT MCs, but not with Tlr4/~ MCs, allowed initiation of tumor immune control equivalent to that in
WT C57BL/6 mice following peritumoral LPS exposure (Figure 4C). This result indicates that targeting
innate immune pathways in MCs is sufficient to initiate melanoma immune defense. To further support
this hypothesis, we analyzed melanoma immune control in Mcpt5-cre* IKB"" mice in which the signal
transducer downstream of TLR4, NF-kB, (39), is endogenously activated because of Cre-mediated dele-
tion of its negative regulator, IxB, selectively in MCs. Indeed, active NF-kB in MCs (“MC NF-kB*”) was
sufficient to initiate an antitumor immune response comparable to that induced by exposure to LPS in
littermates without IkB deletion and in WT mice (Figure 4D and Supplemental Figure 6). Thus, LPS
administration selectively targets MCs to initiate effective tumor immune defense.

MC-derived CXCLI10 mediates tumor control by recruiting tumor-infiltrating T cells. To identify the underlying
mechanisms of MC-mediated tumor immune defense, MC supernatants from BMMC cultures either untreat-
ed or exposed to LPS were analyzed by a cytokine array detecting 40 secretory proteins. Surprisingly, 2 MC-de-
rived chemokines were selectively upregulated by LPS treatment. CCL2 (monocyte chemotactic protein 1)
was increased almost 6-fold, and CXCL10 (IFN-inducible protein 10) was induced by more than 50-fold
(Figure 5A and Supplemental Figure 7). Both findings were supported by quantitative ELISAs (Figure 5B).
Notably, among the CXCR3 ligands, only CXCL10, but not CXCL9 and CXCL11, was induced by LPS in
MCs (Figure 5A and Supplemental Figure 7). Subsequently, we investigated the role of MC-derived CXCL10
in tumor immune control and reconstituted the skin of MC-deficient Kit"="""=" mice with MCs from different
genotypes before establishing cutaneous melanomas. In contrast with WT MCs, reconstitution with TLR4-re-
sponsive Cxc/10-deficient MCs (Supplemental Figure 5F) resulted in the complete loss of LPS-induced tumor
immune control (Figure 5C), demonstrating that MC-derived CXCL10 is crucial for the LPS-initiated tumor
defense. Indeed, in WT mice peritumoral administration of CXCL10 instead of LPS resulted in the same
extent of tumor control as did exposure to LPS (Figure 5D). To exclude the effects mediated by LPS-reactive
cells other than MCs, we next generated a mouse deficient in both TLR4 and MCs (Tlr4”/~ Kit""""). As
expected, Tlr4 /'~ Kit" """ mice failed to establish LPS-induced tumor immune control (Supplemental Figure
8A). However, reconstitution of the skin with WT MCs completely rescued LPS-induced tumor immune
defense (Figure 5E), with strong induction of cutaneous Cxc//0 upon LPS exposure (Figure 5F).

CXCL10 acts as a chemoattractant via CXCR3 found on the surface of activated T cells (40).
Tumor-specific OT-I and OT-II T cells, as used in this model, express CXCR3 (Supplemental Figure 9),
and CXCR3* OT-I and OT-II T cells migrated in response to CXCL10 and to supernatants from LPS-ex-
posed MCs (Figure 5G). Importantly, migration of OT-I and OT-II T cells to CXCL10 and supernatants
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Figure 6. Inmune checkpoint inhibitor treatment and complementation with LPS orchestrate effective melanoma immune defense. (A) The protocol
shown in Figure 2A was extended by additional application of a-CTLA-4 antibodies. Tumor volume in WT C57BL/6 mice over time (left) and as bars at the
endpoint (right) (n = 20 per group). (B and C) Flow cytometry analysis of melanomas from WT C57BL/6 mice treated with a-CTLA-4 and/or LPS. (B) TILs
determined as CD45*CD3* cells, (C) activated CD4* TCs (CD45*CD3*CD4*CD44+CD62L", black bars), and CD8* TCs (CD45*CD3*CD8*CD44*CD62L", gray bars)

(n = 3 per group). P values were calculated with 2-way ANOVA (A) or with 1-way ANOVA (B and C) followed by Tukey's test. Means + SEM are shown. (D)
Changes in CXCL10 serum levels in patients with melanoma before (“pre a-CTLA-4") and with ipilimumab-provoked enterocolitis (“post a-CTLA-4"). P
value was calculated with Wilcoxon's test; n = 8. The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and
the median. The length of the box represents the interquartile range. (E) Representative example of human melanoma with areas of inflammation (first
and second rows) merging into immune regression (second and fourth rows) stained with H&E (first column) and immunohistochemically (red dye) for
tryptase identifying MCs (second column), CXCL10 (third column) and CD3* marking TCs (fourth column). Fifth row shows healthy skin at the rim of the
excision. Infiltrating lymphocytes are marked by red arrows; black arrows refer to melanoma cells. Scale bars: 100 um (first, third, and fifth rows), 50 um
(second and fourth rows). (F) Kaplan-Meier analyses of TCGA data set of 454 melanoma patients with high (black curve) and low (red curve) CXCL10 levels
based on the 50th percentile of gene expression showed significantly better patient survival in patients with high CXCL10 levels (P < 0.001). Statistical

analysis was done with log-rank test using R software. * #P < 0.05; ** ##P < 0.005; ###P < 0.0005; $$$P < 0.0001.

from LPS-exposed MCs was completely abrogated by the addition of blocking anti-CXCL10 antibodies.
This demonstrates that the CXCL10 within MC supernatants is responsible for the migration of tumor-spe-
cific T cells (Figure 5G). Indeed, immunofluorescence analysis revealed an infiltration of T cells in melano-
mas from Tlr4~”/~ Kit"=""=" mice reconstituted with WT MCs and exposed to LPS, comparable to C57BL/6
WT mice (Figure 5H). In contrast, very few T cells were detected in melanomas of LPS-exposed /4~
Kit""""=h mice without MC reconstitution (Figure 5H). Analysis of tumor-infiltrating T cells (TILs) of
these melanomas by flow cytometry showed that TILs in and adjacent to tumor tissues in MC-competent
mice (Figure 51) inversely correlated with the tumor volume (Figure 5E). TIL numbers per milligram of
tumor were significantly lower in the absence of MCs (Figure 51). Skin reconstitution with Cxc//0~~ MCs in
Tlr4~~ Kit"=""=" mice also failed to restore LPS-induced tumor immune control (Supplemental Figure 8B).
Further analyses of TIL recruitment in LPS-exposed melanomas demonstrated that only MCs secreting
CXCL10 recruited TILs and mediated tumor immune control, whereas reconstitution of Tlr4~/~ Kit"=""-"
mice with Cxc/10”~ MCs failed to do so (Figure 5J). Together with our findings that tumor-specific T cells
are required for LPS-induced and MC-mediated tumor immune defense (Figure 2D), these data demon-
strate that effective melanoma control following LPS exposure is mediated by MC-derived CXCL10 via the
recruitment of T cells to the tumor site.

In patients with melanoma, an LPS signature was detected following enterocolitis induced by anti—
CTLA-4 antibody. Therefore, we investigated whether anti-CTLA-4 antibody treatment and LPS exposure
boost melanoma immune control in our murine model without inducing enterocolitis. In fact, the combina-
tion of anti-CTLA-4 antibodies and LPS exposure initiated the most effective antitumor immune defense,
as demonstrated by strongly reduced tumor volume (Figure 6A, Supplemental Figure 10A) and increased
numbers of TILs (Figure 6, B and C), while none of the mice showed evidence of colitis. No significant
differences were found for NK cells (Supplemental Figure 10B) and macrophages (data not shown). Sim-
ilar results were obtained using a combination of anti-CTLA-4 antibodies and CXCL10 (Supplemental
Figure 11). Thus, immune checkpoint blockade by systemic anti-CTLA-4 antibodies and local LPS expo-
sure orchestrated effective melanoma immune defense, which is indicative of a new treatment strategy.
Indeed, patients with therapy-evoked enterocolitis had significantly upregulated CXCL10 levels following
anti-CTLA-4 antibody treatment (Figure 6D). Moreover, immunohistochemistry of human melanoma
revealed CXCL10 staining colocalizing with MCs, particularly within areas of inflammation merging into
areas of immune regression characterized by infiltrating lymphocytes. In contrast, bordering healthy skin
of the same sections did not show any CXCL10 staining, indicating that, when triggered by LPS, only
activated MCs release CXCL10, leading to infiltration of lymphocytes and finally to regression (Figure 6E).
Additionally, analysis of melanoma patient data sets from TCGA data portal revealed a significantly longer
survival time for patients with high compared with low CXCL10 expression (Figure 6F, P < 0.0001). This
indicates that CXCL10 is also a biomarker for long-term survival.

Current immunotherapies using checkpoint inhibitors depend on (a) preexisting effector T cells recog-
nizing tumor (neo-) antigens and (b) a permissive TME allowing adaptive immune responses against the
tumors. Here, we show that targeting the MCs within the TME is a strategy to initiate tumor immune
defense, taking advantage of the localization of these cells, their plasticity, and our increasing understanding
on innate immune modulation. We provide evidence that microbiota-derived components can function as a
source of adjuvants affecting the TME with consequences for MC immune behavior (see graphical abstract).
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Discussion

The combination of treatment modalities, including immune checkpoint inhibition, targeting the BRAF
mutation, and tumor radiation, is promising and trials are ongoing (41-44). Among these strategies are
concepts that are focusing on targeting mediators of immune suppression within the TME (16, 17). In
particular, there is growing evidence that innate immune cells, such as MCs, and especially their plasticity
are relevant in cancer progression (45). MCs, known for their detrimental effects in allergy and anaphy-
laxis (46), are in fact multifunctional cells and play a key role in certain immune responses (22, 47). They
are located at strategically important sites, predominantly at interfaces to the microenvironment, and pos-
sess phenotypic and functional heterogeneity as they achieve their terminal differentiation and maturation
dependent on the tissue’s microenvironment (48). Equipped with a broad range of receptors and costimula-
tory molecules, MCs are able to rapidly respond to incoming signals and to secrete a variety of stored and
newly synthesized mediators (49). These properties allow MCs to modulate innate and adaptive immune
responses through amplification or suppression (50). This plasticity of MCs leads to an ambiguous role in
immune responses and can contribute to cancer progression or control (22). MCs may support tumor pro-
gression by enhancing angiogenesis, by the release of growth factors and mediators for tissue remodeling,
such as metalloproteinases activating tryptase (22). In addition, MC-derived cytokines have been thought to
orchestrate immune evasion (51). On the other hand, MCs can contribute to controlling cancer by release
of antitumorigenic heparin, histamine, IL-6, and TNF-a (52-55). Once recruited, MCs are tissue resident,
and their phenotypes and effector functions depend on the shaping capacity of factors of the tissue microm-
ilieu (48). This plasticity of MCs might open up new avenues to therapeutically reshape MCs’ phenotype
toward tumor defense by appropriate stimulation.

Growing evidence indicates a pivotal role of the microbiome in orchestrating immune responses of
defense and tolerance in health and disease (56). Also, in cancer patients it has been shown that microbes
and microbial substances affect the efficacy of anticancer therapies (57).

Herein, we demonstrate a thus-far-unrecognized mechanism of MC-mediated tumor immune defense.
As important immune cells of body surfaces (50), MCs are prototypic innate cells responding to various
stimuli, including signals and components derived from human microbiota, and could therefore function
as modulators of suppressive immune responses, initiating tumor immune control (22). We show that tar-
geting MCs with the microbial adjuvant LPS is effective to boost T cell-mediated tumor cell clearance.
This strategy takes advantage of the localization of MCs in the vicinity of the tumor, the plasticity of MC
regarding their effector functions, and the potentiating antitumor effects generated by the recruitment of
effector T cells. Furthermore, our findings demonstrate that CXCL10 plays a crucial role in melanoma
immune defense. It has been previously postulated that repression of CXCL10 because of enhanced pro-
duction of NO by melanoma-derived inducible NOS (iNOS) favors a protumorigenic microenvironment
(58). Our data demonstrate that MCs are an important source of CXCL10 that might be harnessed for
future therapeutic strategies. Targeting tumor-resident immune cells, as shown here for MCs, has substan-
tial aptitude to improve current cancer therapies and warrants further investigation. Additionally, findings
of this study highlight the crucial role of CXCL10 as an important chemokine for T cell recruitment and
both MCs and CXCL10 as positive biomarkers of overall survival in melanoma patients.

Methods

Patient data analysis. Serum samples of patients from the Department of Dermatology, Eberhard Karls
University, Tibingen, Germany, who had stage IV melanoma and were treated with ipilimumab were
included in the study. The serum samples of ipilimumab-treated patients were obtained between April
2008 and January 2014 (Ethics Committee approval number 567/2012BO2). Another retrospective anal-
ysis included 38 stage IV melanoma patients with irAEs treated between January 2015 and December
2017, in the Section of Dermato-oncology of the Department of Dermatology, Eberhard Karls Univer-
sity, Tiibingen, Germany (Ethics Committee approval number 053/2019BO2). Best response was deter-
mined by staging with computed tomography and classified as CR, PR, SD, and PD according to the
Response Evaluation Criteria in Solid Tumors (version 1.1) (59).

Mice. C57BL/6, OT-I, OT-II, Tcrb™™Mem TepdmiMom | Kigr-st/w=h and Cxcl10”~ mice were purchased from
Charles River or The Jackson Laboratory. T/r4 /- mice were provided by S. Akira (Frontiers Research Cen-
ter, Osaka University, Osaka, Japan). Mcpt5-cre* (60) and Mcpt5-cre™ R-DTA (25) were given by A. Roers
(Institute for Immunology, Technical University Dresden, Dresden, Germany), and IKB"" mice (61) came
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from R. Rupec (Department of Dermatology and Allergology, Ludwig-Maximilians University, Munich,
Germany) and were crossed with Mcpt5-cre™ mice. The Tlr4”/~ Kit"~"'*~" mice were generated by crossing
Tlr4”- with Kir**"/»<" mice, which were bred to homozygosity. All mice were kept and bred under specific
pathogen—free conditions in accordance with the guidelines of the Federation of European Laboratory
Science Association.

Cell culture. OVA-expressing B16 melanoma cells were a gift from R. Dutton (Trudeau Institute, Sara-
nac Lake, New York, USA). OVA expression was confirmed by PCR (primers OVA forward: 5'-CGTG-
GTGCTCTTTTGCAC-3'; OVA reverse: 5-TCAGAGTTCACCATTGGGCTC-3', both from Eurofins,
Munich, Germany). Femoral bone marrow was cultured in RPMI medium with 20% FCS, 1% X63Ag8-
653mIL-3—conditioned medium as a source of IL-3, medium conditioned with 1% CHO-murine stem
cell factor (CHO-mSCF) as a source of SCF, and 50 U/mL penicillin/streptomycin for 3 to 4 weeks.
Conditioned media were obtained from cell culture supernatants of the above cell lines. After flow cytom-
etry analysis, cultures with 90% or more CD117*FceRI* cells were used for in vitro or in vivo studies. For
BMMC stimulation, 10 ng Salmonella minnesota R595 LPS/mL (Alexis Biochemicals) was used. OVA-spe-
cific CD4* and CD8" T cells were isolated from OT-II and OT-I mice, respectively, and expanded in vitro
with OVA,,. .., or SIINFKL peptide (both from EMC) in the presence of antigen-presenting cells as pre-
viously described (62). Migration assays were performed in Transwell chambers with 5-um pore inserts.
RPMI medium with 0.5% BSA was used, and CXCL10 (Peprotech), anti-CXCL10 antibody (Peprotech),
or supernatants from cultured BMMCs were added as indicated. After 3 hours, the cells in the lower
chamber were stained with trypan blue and the viable cells were counted. All cultured cells were tested
regularly for mycoplasma and no contamination was detected.

MC reconstitution and melanoma model with adoptive T cell transfer. Mouse treatment was performed as
outlined in Figure 2A: 7.5 x 10* B16-OVA cells were injected, and after 1 week, 1.2 x 10”7 OT-I CD8*
and 0.4 x 107 OT-II CD4" T cells were adoptively transferred by injection into the tail vein. Where
stated, 1 pg of LPS, 1 pg of CXCL10 (Peprotech) or only PBS (control) was injected peritumorally on
days 8, 10, and 12. Skin MC repopulation was achieved by intradermally injecting 1 X 105 BMMCs
6-8 weeks (63) before B16-OVA melanoma injection. a—CTLA-4 antibodies were purified from the
supernatant of UC10-4F10-11 hybridoma cells (ATCC) and i.p. injected (3% 200 pg). Tumor size was
measured with a caliper.

Histology. Histological sections from paraffin-embedded tissues were H&E or toluidine stained. Immu-
nohistochemistry was performed with anti-human tryptase antibody (clone AA1; DakoCytomation), anti—
human CD3 antibody (BRB063; Zytomed Systems), and anti-human CXCL10 antibody (ab9807; Abcam).
For murine immunofluorescence, sections were blocked using donkey serum (MilliporeSigma) and incubated
with goat anti-mouse CD3¢ antibody (sc-1127; Santa Cruz Biotechnology). Bound antibody was visualized
using donkey anti-goat Cy3 antibody (112-165-167; Dianova GmbH). For nuclear staining, we used Yopro
(1:2000; Invitrogen). Sections were analyzed using a Leica TCS-SP confocal laser scanning microscope (Leica
Mikrosysteme Wetzlar), a PL Fluotar X25/0.75 oil lens (Leica), and Mowiol medium (Hoechst). Images were
processed with Leica Confocal Software LCS (version 2.61). Original magnification was X250.

Analysis of gene expression. Six hours after intracutaneous injection of LPS into BMMC-reconstituted
Tlr4/~ Kit*<""=" mice, total RNA was extracted from the skin using an RNA kit (MACHEREY-NA-
GEL). RNA was reverse-transcribed to cDNA using an iScript cDNA Synthesis Kit (Bio-Rad) accord-
ing to the manufacturer’s instructions. Quantitative real-time PCR was carried out with a Light-Cycler
LC480 (Roche) using SYBR Green Supermix (Roche). Values were normalized to the housekeeping
gene B-actin. The primers used were as follows: Cxc/10 forward: 5-GGATGGCTGTCCTAGCTCTG-3',
Cxcll0 reverse: 5-ATAACCCTTGGGAAGATGG-3'; B-actin forward: 5-CTAAGGCCAACCGT-
GAAAAG-3'; B-actin reverse: 5'-ACCAGAGGCATACAGGGACA-3' (all from Eurofins). The MC sig-
nature score was defined as the average Z score of the Z score—transformed data set comprising 55 genes
from Dwyer et al. (36). The Z scores were generated using the R2: Genomics Analysis and Visualization
Platform. Kaplan-Meier survival analysis of patients with melanoma from the TCGA melanoma data
set was done with log-rank test using GraphPad Prism 6.0 software.

ELISA and flow cytometry. Human sera were analyzed using Luminex assay (R&D Systems), Legend-
plex human inflammation panel (BioLegend), sCD13 ELISA (R&D Systems), and LPS-BP ELISA (Bio-
meteo). Mouse cell culture supernatants were analyzed by proteome profiler cytokine array panel A (R&D
Systems) and by ELISA kits for CXCL10 (R&D Systems), CCL2 (PeproTech), and IL-6 (BD Biosciences).
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Tumor preparation and flow cytometry. Melanoma samples were explanted from mouse skin, dissected
with scissors, and digested with collagenase A (Serva) for 30 minutes at 37°C. The tissues were homogenized
with a gentleMACS dissociator (Miltenyi Biotec), passed through a nylon mesh cell strainer, and washed
3 times. The following antibodies were used: (a) from BioLegend, anti-CCR3-PE (catalog 144506), anti—
CD117-APC (catalog 105812), anti-CD3-BV421 (catalog 100336), anti-CD3-PerCP (catalog 553067), anti—
CD4-PE-Cy7 (catalog 100422), anti-CD44-PerCP-Cy5.5 (catalog 103032), anti-CD45.2-APC-Cy7 (cata-
log 109824), anti-CD49b-PE-Cy7 (catalog 108921), anti-CD62L-FITC (catalog 104406), anti-CD8-APC
(catalog 100712), anti-NK1.1-FITC (catalog 108705), and Zombie Aqua fixable viability dye; and (b) from
eBioscience, anti-CD45-eF450 (catalog 48-0451-80), anti—FceRI-PE (catalog 12-5898-81), and fixable viabil-
ity dye eFluor 780. Flow cytometry data were acquired using an LSRII or FACSCanto II (BD Biosciences)
and analyzed with FACSDIVA software (BD Biosciences) or FlowJo software (Tree Star, BD Biosciences).

Statistics. If not otherwise stated, data are presented as the mean £ SEM. Mouse experiments
are representative of at least 2 experiments. Statistical analysis of human data was performed with
Fisher’s exact test, Mann-Whitney U, or Wilcoxon’s test. Murine data were analyzed with unpaired
Student’s ¢ test (2 tailed) or with 2-way repeated-measures ANOVA and Tukey’s multiple-comparisons
test. Analysis was performed with GraphPad Prism software. P values less than 0.05 were considered
statistically significant and are marked as follows: *, #P < 0.05; **, ##, 1P < 0.005; ***, ###, {1IP <
0.0005; and ****, ####, 1111P < 0.00005.

Study approval. All animal experiments were performed in compliance with both European Union
and German law and approved by local authorities (Regierungsprasidium Tibingen, HT1/05, HT3/09,
HT5/14; Regierungsprasidium Oberbayern 55.2-1-54-2532-19-2016). Human studies were approved by the
Ethics Committee, University of Tibingen (567/2012BO2 and 053/2019B0O2). Human participants pro-
vided informed consent before their participation.
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