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Summary

Immune checkpoint blockade (ICB) has heralded a new era in cancer therapy. Research into
the mechanisms underlying response to ICB has predominantly focused on T cells, however
effective immune responses require tightly regulated crosstalk between innate and adaptive
immune cells. Here, we combine unbiased analysis of blood and tumors from metastatic
breast cancer patients treated with ICB with mechanistic studies in mouse models of breast
cancer. We observe an increase in systemic and intratumoral eosinophils in patients and
mice responding to ICB treatment. Mechanistically, ICB increased IL-5 production by CD4*
T cells, stimulating elevated eosinophil production from the bone marrow, leading to
systemic eosinophil expansion. Additional induction of IL-33 by ICB-cisplatin combination
or recombinant IL-33 promotes intratumoral eosinophil infiltration and eosinophil-
dependent CD8* T cell activation to enhance ICB response. This work demonstrates the
critical role of eosinophils in ICB response and provides proof-of-principle for eosinophil
engagement to enhance ICB efficacy.
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Introduction

Immune checkpoint blockade (ICB) has emerged in the last decade as an effective strategy
for the treatment of multiple cancer types. However, in metastatic breast cancer, durable
responses are only seen in approximately 5% of the patients and are mainly limited to
triple-negative breast cancer (TNBC)'2. Whilst response rates can be increased by selecting
patients with PD-L1-positive tumors or by combining ICB with chemotherapy*4, most breast
cancer patients do not benefit from ICB. A better understanding of the mechanisms that
underlie response to ICB is crucial for the rational design of novel immunomodulatory
strategies.

Research into the mechanisms of response to ICB has predominantly focused on T cells,
however, an effective immune response requires tightly regulated crosstalk between
adaptive and innate immune cells®. One innate immune cell type gaining increasing attention
in the context of anti-tumor immunity is the eosinophil®’. Eosinophils are bone marrow-
derived granulocytes involved in tissue homeostasis and repair, parasite clearance and the
pathophysiology of various diseases, including allergic asthma and autoimmunity?®. In the
context of cancer, opposing functions of eosinophils have been reported depending on
cancer type and disease stage®8. Recently, eosinophils have emerged as unexpected players
in an effective response to ICB. Increased eosinophil levels during ICB treatment correlate
with response to PD-1, PD-L1 or CTLA-4 targeting antibodies in patients with metastatic
melanoma’'?', non-small cell lung cancer (NSCLC)??*?* and renal cell carcinoma (RCC)*.
Whether eosinophils are associated with response to ICB in patients with less immunogenic
cancer types, such as breast cancer, remains to be elucidated. Moreover, it is critical to
assess whether eosinophils merely serve as a biomarker or are causally involved in ICB
response. Preclinical studies point towards a functional involvement of eosinophils in anti-
tumor immunity''* and eosinophils were also recently reported to promote intratumoral
vessel normalization and anti-tumor immunity upon CTLA-4 blockade?. Nonetheless, their
role in ICB response remains poorly understood. Furthermore, the mechanisms leading to
eosinophil accumulation and recruitment to the tumor upon ICB are still unknown.

In this study, we combined unbiased analyses of the systemic immune landscape upon
ICB in patients with metastatic TNBC with in-depth mechanistic studies in spontaneous
mouse models of primary and metastatic breast cancer (Figure 1A), which mimic the poorly
immunogenic and highly immunosuppressive characteristics of human breast cancer??’.
We uncover a critical role for eosinophils during ICB response and elucidate the mechanisms
that lead to systemic eosinophil expansion and tumor infiltration.
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Figure 1. ICB response in metastatic TNBC patients is associated with systemic eosinophil
expansion. (A) Schematic overview of study design. Created with Biorender.com. (B) Volcano plot
depicting the difference in median log, fold change from baseline to on-nivolumab between
responding and non-responding patients with metastatic TNBC (TONIC-trial, NCT02499367) and
adjusted p-values for systemic immune cell populations (cells/ml) analyzed by flow cytometry.
(C-D) Paired analysis of circulating eosinophils at baseline versus on-nivolumab by flow cytometry
(log, transformed cells/ml) (C) and by hemocytometer analysis (D). Wilcoxon Signed-Rank test.
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(E-F) Kaplan-Meier curve of progression-free survival (E) or overall survival (F) of patients according
to the fold change in eosinophils (baseline to on-nivolumab) lower than 2 or equal to/higher than
2. Log-rank and univariate hazard ratios by Cox regression (fold change lower than 2 as reference
category). See also Figures S1-S3 and Tables $1-S2.

Results

Increase in circulating eosinophils in patients responding to ICB

To assess response-related changes in the systemic immune landscape of patients with
metastatic breast cancer, we set up an immunomonitoring pipeline of fresh blood by high-
dimensional flow cytometry (Figure 1A). We profiled patients with metastatic TNBC treated
with anti-PD-1 (nivolumab) enrolled in a phase Il clinical trial (TONIC-trial, n=111, Figure
S1A-B; characteristics in Table S1-S2)%. Patients were treated with nivolumab alone or with
nivolumab following a two-week induction period with either low dose chemotherapy,
irradiation or a two-week waiting period (Figure S1A). Blood samples were analyzed by flow
cytometry at baseline (before induction treatment), after induction treatment (pre-
nivolumab) and after three cycles of nivolumab (on-nivolumab). Extensive analysis of
individual timepoints did not reveal predictive immune cell populations that could distinguish
responders from non-responders (Figure S1C-E). However, when analyzing the dynamics
of immune cell populations upon ICB treatment by comparing baseline to on-nivolumab,
we identified three differentially regulated immune cell populations associated with

response: CD1c* dendritic cells (DCs), regulatory T cells (T__) and eosinophils (Figure 1B &

regs:

S1F). We observed a decrease in CD1c* DCs in non-responding patients (Figure S2A). In

contrast, eosinophils and T___were increased upon ICB specifically in responders (Figure

1C & S2B-C). The same threegpopulations emerged when we compared the pre-nivolumab
(post-induction) to on-nivolumab timepoints, indicating that the induction treatments did
not significantly change the dynamics of these immune populations (Figure S2D-F). In light
of recent reports of systemic eosinophil expansion correlating with ICB response in several
tumor types'®?, we further investigated the increase in eosinophils associated with response
to ICB.

To validate our results in a technically independent manner we evaluated circulating
eosinophil counts using routine hemocytometer analysis (Figure S1B for sample overlap
with flow cytometry samples). We confirmed circulating eosinophils significantly increase
in responders on-nivolumab, both compared to baseline and pre-nivolumab (Figure 1D &
S2G-H). Importantly, patients with increased circulating eosinophils upon treatment had
longer progression-free survival (Figure 1E & S2I) and overall survival (Figure 1F & S2J),
underscoring the clinical relevance of an eosinophil increase in ICB response.

To evaluate whether increased eosinophils during ICB response extend beyond breast
cancer, NSCLC?»%3, RCC* and melanoma'®?', we investigated eosinophil counts in patients
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treated with ICB in other phase Il clinical trials at the Netherlands Cancer Institute. Comparing
patients responding to ICB with non-responders, we observed a significantly higher fold
change in circulating eosinophils in patients with advanced NSCLC (Figure S3A,B; PEMBRO-
RT trial?®) and in patients with early stage mismatch repair-proficient (pMMR) colon cancer
(CC) (Figure S3C,D; NICHE-trial*?). No statistically significant difference in paired eosinophil
counts could be seen upon ICB in patients with mismatch repair-deficient (dMMR) cancers
(Figure S3E,G; NICHE-trial and dMMR cohort DRUP-trial*®3"), suggesting that an eosinophil
increase might be less relevant in highly immunogenic tumors. In summary, we demonstrate
that eosinophils accumulate systemically upon ICB response in three independent cohorts
of patients with metastatic TNBC, metastatic NSCLC or early-stage pMMR CC, emphasizing
that systemic eosinophil expansion is a common feature of ICB response across multiple
cancer types.

Increase of intratumoral eosinophil-related gene expression correlates with response
to ICB and increased CD8* T cell signatures

To assess whether eosinophils accumulate intratumorally upon ICB, we evaluated the
expression of SIGLEC8 in paired metastases obtained at baseline and during nivolumab
treatment of TNBC patients (TONIC-trial, NanoString I0360 panel, sample availability Figure
S1B). SIGLEC8 is a marker expressed at high levels on human eosinophils and mast cells
and to a lower degree on basophils®?. We detected a statistically significant increase in
SIGLEC8 upon ICB in tumors from responders but not in non-responders (Figure 2A). To
complement this analysis, we applied an eosinophil signature containing genes highly
expressed by eosinophils to the RNA-sequencing dataset (Table S3). Intratumoral expression
of these genes increased upon ICB in responders but not in non-responders (Figure 2B).
Using this signature, we assessed whether elevation in intratumoral eosinophils is
accompanied by an intratumoral increase in (activated) CD8* T cells, as shown for metastatic
melanoma'. We applied a widely used T cell inflamed gene signature®, an IFNg signature
and a structural CD8* T cell signature consisting of genes related to the CD8* T cell receptor
complex (Table S3). We observed a significant correlation between increased expression
upon ICB of eosinophil-related genes and all three T cell-related gene signatures in metastatic
lesions of responders, and not in non-responders (Figure 2C-H). Together, our results
indicate that response to ICB associates with an increase in circulating eosinophils and an
increase of eosinophil-related genes in the tumor microenvironment. This increase in
eosinophil-related genes correlates with increased CD8* T cell related genes, suggesting a
potential connection between eosinophils and CD8* T cell activation during an effective ICB
response.
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ICB synergizes with cisplatin and induces eosinophil accumulation in spontaneous
primary and metastatic breast cancer models
Our clinical observations raise the question whether eosinophil expansion is a bystander
effect of ICB response, or whether eosinophils are functionally involved. To probe the
causality between eosinophil dynamics and outcome after ICB in breast cancer, we used
the Keratin14-cre;Cdh17;Trp537F (KEP) mouse model for de novo mammary tumorigenesis®*
(Figure 3A) and the KEP-based mastectomy model for spontaneous multi-organ metastatic
disease® (Figure 3B & S4A,B). KEP mice bearing established mammary tumors did not
respond to blockade of PD-1 and CTLA-4 (referred to as ICB; Figure 3C). Similarly, metastasis-
bearing mice did not respond to ICB alone (Figure 3D), recapitulating the poor response to
ICB observed in metastatic breast cancer patients. Platinum-based drugs synergize with ICB
in preclinical models®*3” due to their beneficial immunomodulatory effects®#3?, in line with
improved response rates when ICB is combined with chemotherapy in metastatic TNBC
patients>*. While combining cisplatin with either anti-PD-1 or anti-CTLA-4 was insufficient
to improve the survival benefit provided by cisplatin (Figure S4C), the combination of cisplatin
with anti-PD-1 and anti-CTLA-4 (CIS+ICB) resulted in extension of survival of KEP mice (Figure
3C) and led to durable responses in mice bearing established metastases (Figure 3D). The
therapeutic synergy between CIS+ICB was characterized by a systemic increase in effector
CD44+CD62L T cells and increased expression of activation markers and cytokines, such as
IFNy and TNFa by both CD4* and CD8* T cells (Figure S4D,E). Depletion of CD8* T cells
abrogated the synergistic effect observed upon CIS+ICB in mammary tumor-bearing KEP
mice (Figure 3C), confirming a critical role of CD8* T cells as effector cells in CIS+ICB therapy.
In addition to increased T cell activation, in-depth profiling of the immune landscape
of primary tumors, metastases, and blood by flow cytometry of both models revealed that
only eosinophils consistently increased in frequency upon CIS+ICB therapy (Figure 3E-H).
Whilst ICB induced accumulation of circulating eosinophils (Figure 3E,F), increased eosinophil
infiltration in primary tumors and metastatic lesions was only observed when ICB was
combined with cisplatin (Figure G,H). Additionally, we observed an increase in eosinophils
in the tumor-draining lymph node (TDLN) and spleen of KEP mice treated with CIS+ICB
(Figure S4F). Immunohistochemical staining for Major Basic Protein (MBP), a granular protein
specifically expressed by eosinophils, confirmed that the increase in eosinophils in primary
KEP tumors was only achieved upon CIS+ICB (Figure S4G).
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Figure 3. ICB synergizes with cisplatin and induces eosinophil expansion in mouse models.
(A-B) Experimental set-up of transgenic KEP model (A) and KEP-based metastasis model (B)
including treatment schemes.(C) Kaplan-Meier survival curves of KEP mice treated as indicated
(untreated, No Tx, n=12; ICB, n=14, 1 censored; CIS+Ctrl Ab, n=17, 2 censored; CIS+ICB, n=18, 5
censored; CIS+ICB+anti-CD8, n=12, 4 censored). Tumor-related endpoint was defined as cumulative
tumor burden of 225 mm?. (D) Kaplan-Meier survival curves of metastasis-bearing mice treated
as indicated (control antibody, Ctrl Ab, n=13, 1 censored; ICB, n=15, 5 censored; CIS+Ctrl Ab, n=15,
3 censored; CIS+ICB, n=16, 7 censored). Metastasis-related endpoint was defined as mice
displaying signs of respiratory distress caused by metastatic disease or when lymph node
metastasis reached the size of 225mm?. Censored events are mice sacrificed for weight loss (C&D)
or local recurrence of the mastectomized tumor (D). Log-rank (Mantel Cox) test. (E-F) Frequency
of immune cell populations in the blood of KEP mice at tumor-related endpoint (E) or metastasis-
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bearing mice at metastasis-related endpoint (F) as determined by flow cytometry. (G-H) Frequency
of immune cell populations in the primary tumor of KEP mice at tumor-related endpoint (G) or
metastatic lesions of mice at metastasis-related endpoint (H) as determined by flow cytometry.
Eosinophils were defined CD11b*Ly6G""SiglecF*SSC"¢" in blood and CD11b*Ly6G""SiglecF F4/80™
in tumor. Mean +S.E.M.. 1-way ANOVA or Kruskal-Wallis followed by Dunnett's or Dunn’s multiple
comparisons test, comparing each group against control-treated mice. *p<0.05, **p<0.01,
*#*+%p<0.001, ****p<0.0001. See also Figure S4.

The administration of anti-SiglecF alone did not affect KEP tumor growth (Figure S5H).
Strikingly, depletion of eosinophils abrogated the synergistic effect observed between
CIS+ICB, while depletion of eosinophils had no effect on therapeutic benefit of cisplatin
alone (Figure 4B-D). Similarly, depletion of eosinophils completely abrogated the synergistic
effect of CIS+ICB in metastasis-bearing mice but had no effect on the efficacy of cisplatin
alone (Figure 4E). These findings reveal a causal role for eosinophils in the synergistic effect
of CIS+ICB therapy, both in primary and metastatic breast cancer models.

Because the synergistic effect of CIS+ICB is dependent on both CD8" T cells and
eosinophils, we hypothesized that eosinophils play a role in inducing intratumoral CD8* T
cell infiltration or activation. It was previously shown that eosinophils can promote T cell
activation and recruitment into tumors'"'318254%, and we observed an association between
intratumoral eosinophils and CD8* T cells in responding patients with advanced breast
cancer (Fig 2C-H). To test this hypothesis, we analyzed the immune landscape of KEP tumors
during the responsive phase of therapy. Intratumoral CD8 counts increased upon treatment
with cisplatin compared to control antibody but did not further increase upon addition of
ICB. Importantly, CD8 counts were not dependent on the presence of eosinophils (Figure
4F). Instead, eosinophil depletion completely reverted the increased activation of
intratumoral CD8* T cells induced by CIS+ICB, most notably in terms of CD44 expression
and IFNy production (Figure 4G,H). These data demonstrate that eosinophils are essential
for increased intratumoral CD8* T cell activation during CIS+ICB therapy.

Additionally, CD4 and FOXP3 cell counts increased upon cisplatin treatment compared
to control, but did not change further upon CIS+ICB and was independent of eosinophil
presence (Figure S51,)). While CIS+ICB also increased the intratumoral frequency of effector
CD44+ CD4* T cells, this was independent of eosinophils (Figure S5K-N), demonstrating that
eosinophils specifically affect intratumoral CD8* T cell activation. Interestingly, we also
observed a higher frequency of CD44* and IFNy* CD8* T cells in the TDLN upon CIS+ICB that
was abrogated upon eosinophil depletion (Figure S50). In contrast, the frequency of CD44*
CD4"T cells or CD44"T,___in TDLN was not increased by combination treatment nor affected
by eosinophil depletion (Figure S5P,Q). Collectively, these observations show that eosinophils
are critical for the therapeutic action of CIS+ICB, by facilitating CD8* T cell activation in the
tumor and TDLN.
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Figure 4. Eosinophils are critical for ICB-cisplatin response via CD8* T cell activation. (A)
Representative dot plots showing eosinophil levels in blood of KEP mice 14 days after start of
indicated treatments. Mean frequency of eosinophils as percentage of CD45* cells +S.E.M. is
displayed. (B) Individual (light) and average (dark) tumor growth curves of KEP mice treated as
indicated. (C) Average growth curve +S.E.M. of the aforementioned treatment groups. 2-way ANOVA
followed by Dunnett’s multiple comparisons test. (D) Kaplan-Meier survival curves of KEP mice
treated as indicated (CIS+Ctrl Ab, same curve as in Figure 3C); CIS+anti-SiglecF, n=8, 2 censored;
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Cox) test. (E) Kaplan-Meier survival curves showing metastasis-related survival of mice treated as
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intratumoral CD8* T cells upon different treatments, determined by flow cytometry (n=4-5). Boxes
represent median and interquartile range; whiskers full range. 2-way ANOVA followed by Tukey’s
multiple comparison test. (H) Data of (G) was normalized to the frequency observed in control
mice. Log transformed data is presented. ns, not significant, *p<0.05, **p<0.01, ***p<0.0017,
**+*%p<0.0001. See also Figure S5.

IL-5 is required for ICB-induced eosinophil accumulation and therapeutic benefit

To investigate how ICB mediates the systemic eosinophil increase, we analyzed metastasis-
bearing mice at different timepoints during the metastatic cascade and treatment. The
eosinophil frequency in the blood increased after 7 days of ICB treatment and was
maintained at high levels until at least 21 days (Figure S6A). Concomitantly, we observed an
increase in eosinophils in the bone marrow (Figure 5A) and an increase of Lin'Scal-
CD34*cKit"CD125*Gr1- cells, which have been previously described as eosinophil progenitors
(Figure 5B & S6B)*. Furthermore, both immature (cKit™CCR3"%) and fully mature (cKit CCR3*)
eosinophils increased in the bone marrow upon ICB (Figure 5C-E), while all other
hematopoietic progenitor and immune cell populations remained unaffected (Figure S6C).
Altogether, these observations suggest that the systemic increase of eosinophils induced
by ICB is caused by increased eosinophil production in the bone marrow.

To assess which systemic factors induced by ICB could promote eosinophil production
in the bone marrow, followed by systemic eosinophil accumulation, we measured the
expression of a panel of cytokines in the plasma of metastatic mice. Strikingly, the only
significantly increased cytokine upon ICB was IL-5 (Figure 5F & S6D), which is a major
eosinophil regulator®. To investigate whether ICB treatment in human tumors induces IL-5
upregulation, we made use of the patient-derived tumor fragment (PDTF) platform#. This
platform allows interrogation of the early immunological response of human tumor tissues
upon ex vivo ICB treatment (aPD1 and combined aPD1+aCTLA4). Importantly, the observed
ex vivo response (defined as previously described“¢) correlates with the clinical response
of the patient®. We assessed the protein levels of IL-5 upon ex vivo ICB stimulation in tumors
of patients with different tumor types. We observed an increase in IL-5 expression specifically
in tumors that showed an immunological response to ex vivo ICB (PDTF-R) as compared to
non-responding tumors (PDTF-NR), both upon aPD1 alone and combined aPD1+aCTLA4
treatment (Figure 5G & Table S4), demonstrating that IL-5 can be induced in human tumors
by ICB.

To assess whether IL-5 drives eosinophil expansion upon ICB in metastasis-bearing
mice, we blocked IL-5 using a neutralizing antibody. Indeed, the number of eosinophils in
bone marrow, blood, and (pre-)metastatic lungs was drastically reduced (Figure 5H-J).
Importantly, ICB did not promote an eosinophil increase after IL-5 blockade in any of the
organs analyzed, indicating that ICB-induced eosinophils are IL-5 dependent. In line with
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our observations in metastasis-bearing mice, serum IL-5 levels were similarly increased in
tumor-bearing KEP mice during the responsive phase of CIS+ICB therapy (Figure 5K). IL-5
blockade during CIS+ICB therapy in KEP mice reduced eosinophil levels both systemically
and intratumorally (Figure 5L,M), without affecting other myeloid cells (Figure S6E,F).
Importantly, anti-IL-5 treatment abolished the therapeutic benefit induced by CIS+ICB (Figure
5N), phenocopying the effect of anti-SiglecF-induced eosinophil depletion (Figure 4D).
Collectively, these findings demonstrate that IL-5 is a key driver of eosinophil accumulation
and therapeutic benefit of CIS+ICB therapy.

Figure 5. CD4* T cell-derived IL-5 is required for ICB-induced eosinophil expansion and
therapeutic benefit. (A-E) KEP metastasis-bearing mice were treated as indicated (Ctrl Ab, n=10-
13; ICB, n=10-13) and sacrificed 10 days after start of treatment. Frequency of total eosinophils
(Live LinnCD127-CD11b*CD115SiglecF*) (A), Live Lin"Sca1-CD34*cKit™CD125*Gr1- eosinophil
progenitors (B), representative dot plot (C) and quantification of cKit"CCR3"" (D) and cKit CCR3*
(E) eosinophils in bone marrow as determined by flow cytometry. (F) Relative expression of the
indicated cytokines in the plasma of mice treated as described above (Ctrl Ab n=9, ICB n=10),
determined by LEGENDplex, and normalized to Ctrl Ab-treated mice. (G) Fold change in IL-5
secretion by PDTF treated ex vivo with aPD-1+aCTLA-4 (left) or aPD-1 (right) compared to untreated
condition, measured by LEGENDplex, comparing PDTF-R (responders) and PDTF-NR (non-
responders), defined as described previously*4. Tumor samples were collected from surgical
material of patients with various tumor types (see STAR Methods and Table S4). (H-J) Metastasis-
bearing mice were treated with [gG2a and IgG1 control antibodies (Ctrl Abs, n=14), ICB+IgG1
(n=14), IgG2a+anti-IL-5 (n=11) or ICB+anti-IL-5 (n=12) and analyzed 10 days after start of
treatment. Number of eosinophils in bone marrow (H), blood (1) and lungs (J) determined by flow
cytometry. Lung eosinophils were defined as CD45*CD11b*Ly6G SiglecFF4/80™. (K) IL-5 levels in
serum of tumor-bearing KEP mice analyzed 21 days after start of indicated treatments measured
by ELISA. (L-M) Frequency of eosinophils in the blood (L) and tumor (M) of KEP mice treated as
indicated and analyzed at tumor-related endpoint as determined by flow cytometry (n=4-5). Data
from CIS+Ctrl Ab and CIS+ICB are the same mice as in Figure 3G. (N) Kaplan-Meier survival curves
of KEP mice treated as indicated (CIS+Ctrl Ab, same curve as in Figure 3C; CIS+ICB, same curve
as in Figure 3C; CIS+ICB+anti-IL-5, n=12, 3 censored). Log-rank (Mantel-Cox) test. (O) Number of
eosinophils in blood of wild-type (wt) or Rag1 k.o. mice with KEP-derived orthotopic mammary
tumors, treated as indicated (Ctrl Ab, wt n=10, Rag1 k.o. n=10; ICB, wt=10, Rag1 k.o. n=10),
analyzed by flow cytometry when tumors reached an area of 144 mm?. (P) IL5 gene expression
in CD4*CD25 T cells sorted from blood of metastasis-bearing mice treated indicated (Ctrl Ab n=4,
ICB n=4), determined by RT-qPCR. Relative expression to Ctrl Ab-treated mice is shown. (Q-R)
Metastasis-bearing mice were treated with isotype control antibodies (Ctrl Ab, n=13-25), ICB
(n=13-21), Ctrl Ab+anti-CD4 (n=14) or ICB+anti-CD4 (n=13) and sacrificed 10 days after start of
the treatment. (Q) Plasma IL-5 levels, measured by ELISA. (R) Number of eosinophils in the blood,
as determined by flow cytometry. Pooled data of two independent experiments. (S) IL5 gene
expression determined by RT-qPCR in CD4* T cells sorted from PBMCs at baseline and after one
cycle of nivolumab metastatic TNBC patients treated in the control arm of the TONIC trial (n=6).
(T) Fold change in frequency of IL-5* CD4* T cells among total CD4* T cells from TNBC patients
(n=7) treated ex vivo with aPD1 compared to untreated condition, measured by intracellular flow
cytometry. All data are mean +S.E.M, statistical analysis by unpaired t-test or Mann-Whitney,
unless differently indicated. ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<000.1.
See also Figure S6 and Table S4. 444
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IL-5 producing CD4" T cells drive eosinophil production and systemic expansion upon ICB
IL-5 can be produced by various cell types, principally CD4* T cells, type 2 innate lymphoid
cells (ILC2) and other innate immune cells, such as mast cells and eosinophils*. To evaluate
whether adaptive or innate immune cells are needed to induce eosinophils upon ICB, we
treated KEP tumor-bearing wild-type and Rag-7-deficient mice, which lack mature Band T
cells but retain ILC2s and myeloid cells, with ICB or control antibody. Importantly, ICB failed
to induce an increase in eosinophils in tumor-bearing Rag-1-deficient mice (Figure 50),
indicating that adaptive immune cells trigger eosinophil expansion upon ICB. Based on
these findings, we hypothesized that CD4* T cells are the main source of IL-5 upon ICB, and
thus cause eosinophilia. Indeed, we observed increased expression of /L-5 mRNA in
circulating CD4*CD25 T cells upon ICB in metastasis-bearing mice (Figure 5P). Depletion of
CD4* T cells reduced plasma IL-5 levels and the number of eosinophils in bone marrow and
blood of metastasis-bearing mice (Figure 5Q,R & S6G), suggesting a role for CD4* T cells in
eosinophil homeostasis. Importantly, in the absence of CD4* T cells, there was reduced
induction of IL-5 by ICB (Figure 5Q). Notably, ICB treatment still induced a slight but significant
increase of serum IL-5 in CD4* T cell-depleted mice compared to controls (Figure 5Q & S6G)
suggesting other sources of IL-5, such as ILC2s, mast cells and eosinophils may produce the
residual IL-5. Importantly, in line with the reduced induction of IL-5 upon ICB in the absence
of CD4* T cells, systemic eosinophil numbers did not increase upon ICB in CD4* T cell-
depleted mice (Figure 5R & S6H). In addition to mature bone marrow eosinophils, the
frequency of Lin'Sca1-CD34*cKit"™CD125*Gr1- eosinophil progenitors did not increase upon
ICB after CD4* T cell depletion (Figure S6l). These data demonstrate that CD4* T cells are
required for the ICB-induced increase in systemic IL-5 levels, eosinophil production in the
bone marrow and systemic eosinophil accumulation. Importantly, CD4* T cell depletion also
reduced the number of circulating eosinophils in metastasis-bearing mice treated with
CIS+ICB (Figure S6)), confirming that CD4* T cells are required for eosinophil increase not
only upon ICB treatment alone, but also during CIS+ICB. To exclude the potential contribution
of T, IN ICB-induced eosinophilia, we used KEP tumor-bearing Foxp3°™¢? mice allowing
(Figure S6K,L)¥. Upon T, depletion, blood

regs reg

specific depletion of FOXP3 expressing T
eosinophil numbers during ICB were further increased compared to Treg—proficient mice
(Figure S6M), indicating that T
hamper ICB-induced eosinophilia.

g 40 not facilitate ICB-induced eosinophil expansion, but

To address whether CD4* T cells are a source of IL-5 in TNBC patients, we utilized
peripheral blood mononuclear cells (PBMCs) isolated from patients of the TONIC trial treated
with ICB without induction treatment at baseline and after one cycle of nivolumab and
performed RT-qPCR for /L-5 mRNA in sorted CD4* T cells. 5 out of 6 patients had an increase
in IL-5 transcript in CD4* T cells upon nivolumab treatment compared to baseline (Figure
5S). To further demonstrate that CD4* T cells produce IL-5 protein in response to nivolumab,
we stimulated PBMCs from TNBC patients with nivolumab for 48 hours and analyzed
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intracellular IL-5 in CD4* T cells by flow cytometry. These data show a statistically significant
fold change in IL-5* CD4* T cells upon nivolumab stimulation (Figure 5T), demonstrating that
aPD-1 induces IL-5 expression in circulating CD4* T cells of TNBC patients. Collectively, our
data demonstrate that IL-5 producing CD4* T cells drive eosinophil expansion upon ICB.

IL-33 drives eosinophil recruitment to the TME and is required for the therapeutic
benefit of CIS+ICB

Although ICB alone leads to systemic eosinophil accumulation, eosinophil recruitment to
the tumor and their subsequent contribution to therapeutic benefit was only observed upon
CIS+ICB combination therapy in our pre-clinical models (Figure 3). We therefore asked which
eosinophil-recruiting or activating factors trigger the intratumoral accumulation of
eosinophils upon CIS+ICB. Analysis of a broad panel of eosinophil-related cytokines and
chemokines revealed that IL-33 was specifically increased upon CIS+ICB in the plasma of
metastasis-bearing mice at the responsive phase of therapy (Figure 6A). Similarly, IL-33
levels were increased in tumor lysates and serum of KEP tumor-bearing mice treated with
CIS+ICB (Figure 6B & S7A). Importantly, in patients with metastatic TNBC responding to ICB
we observed a strong positive correlation between the eosinophil gene signature and /L-33
expression in metastatic lesions which was not observed in non-responders, suggesting a
link between /L-33 expression and eosinophil infiltration in the TME (Figure 6C). Of note, in
both patients and mice, cisplatin alone was not sufficient to induce a statistically significant
increase in IL-33 levels (Figure 6B & S7A,B). IL-33 is an alarmin that amplifies immune
responses during inflammation. IL-33 directly promotes eosinophil activation, adhesion
and survival® %°, and IL-33 contributes to several eosinophilic disorders®'. In the cancer
context, IL-33 has been associated with both pro- and anti-tumor functions'#52%3, To assess
the functional role of IL-33 in intratumoral eosinophil accumulation, we made use of the
IL-33-TRAP fusion protein, a high-affinity IL-33 antagonist®. In line with our earlier
observation that IL-5 is responsible for ICB-induced systemic eosinophilia (Figure 5), IL-33
neutralization did not affect systemic eosinophil accumulation during CIS+ICB (Figure 6D).
However, intratumoral eosinophil infiltration was abrogated upon IL-33 blockade (Figure
6E), indicating that IL-33 is required, directly or indirectly, for eosinophil recruitment to the
tumor. IL-33-TRAP also prevented the intratumoral CIS+ICB-induced CD8* T cell activation
without affecting other immune populations (Figure 6F & S7C,D), phenocopying the effect
of eosinophil depletion (Figure 4). Importantly, IL-33-TRAP blocked the therapeutic benefit
provided by CIS+ICB (Figure 6G). In summary, these data demonstrate that IL-33 is required
for eosinophil infiltration in the tumor, CD8* T cell activation, and therapeutic benefit
observed upon ICS+ICB. These preclinical findings are supported by our clinical observation
that increased intratumoral eosinophil infiltration is strongly correlated to IL-33 expression
as well as to CD8* T cells in the TME of TNBC patients responding to ICB (Figure 2C-H & 6C).
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Figure 6. IL-33 drives intratumoral eosinophil infiltration and is required for the therapeutic
benefit of CIS+ICB. (A) Relative expression of the indicated cytokines in plasma of metastasis-bearing
mice treated as described before (Ctrl Ab n=9 (same data as in Figure 5F), ICB n=10 (same data as in
Figure 5F), CIS+Ctrl Ab n=9, CIS+ICB n=13), determined by LEGENDplex. Data is normalized to Ctrl Ab-
treated mice. 1-way ANOVA or Kruskal-Wallis followed by Dunnett’s or Dunn’s multiple comparisons
test, comparing each treatment against control-treated mice, for each cytokine. (B) IL-33 levels in tumor
lysates of end-stage tumors as determined by LEGENDplex (n=9-10). 1-way ANOVA followed by Dunnett's
multiple comparisons test, comparing each group against untreated. (C) Correlation between the fold
change (baseline to on-nivolumab) in eosinophil gene signature (described in Figure 2B) and the fold
change (baseline to on-nivolumab) in IL33 in RNA-seq analysis of paired biopsies from responding (left)
and non-responding (right) patients with metastatic TNBC. Graph characteristics as in Figure 2. (D-E)
Frequency of eosinophils in the circulation (D) and tumor (E) of KEP mice analyzed 21 days after start
of treatment determined by flow cytometry (n=6-9). Mean +S.E.M., Mann-Whitney. (F) Frequency of
indicated activation markers expressed on intratumoral CD8" T cells , determined by flow cytometry
(n=5-9). Data from CIS+Ctrl Ab and CIS+ICB are same mice as Figure 4G. Boxes represent median and
interquartile range; whiskers full range. 2-way ANOVA followed by Tukey’s multiple comparison test.
(G) Average tumor growth size +S.E.M. of KEP mice treated as indicated (CIS+Ctrl Ab n = 23, CIS+ICB
n=32), CIS+ICB+IL33-TRAP n = 12). Unpaired t-test. ns, not significant, *p<0.05, **p<0.01, ***p<0.007,
*#4+*%n<000.1. See also Figure S7A-D.

Figure 7. Recombinant IL-33 therapy engages eosinophils and enhances ICB response . (A-C) Mice
bearing orthotopically transplanted KEP tumors were treated as indicated (Ctrl Ab+PBS, n=10; ICB+PBS,
n=15; Ctrl Ab+rIL-33, n=15; ICB+rIL-33, n=15). Frequency of eosinophils in the circulation (A), bone
marrow (B), and tumor (C) were analyzed in the responsive phase of therapy, determined by flow
cytometry. Mean +S.E.M., t-test. (D) Frequency of indicated activation markers expressed on intratumoral
CD8* T cells in responsive phase of therapy, determined by flow cytometry (n=5-7). Boxes represent
median and interquartile range; whiskers full range. 2-way ANOVA followed by Tukey’s multiple
comparison test. (E) Area under curve (AUC) of growth curves was determined up to day 14 after start
of treatment. Mean +S.E.M., 1-way ANOVA. (F) Kaplan-Meier survival curves showing tumor-related
survival. Log-rank (Mantel-Cox) test. ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
See also Figure S7E-F. 444
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Recombinant IL-33 engages eosinophils and enhances response to ICB

In light of our finding that IL-33 drives eosinophil infiltration into the tumor, we hypothesized
that deliberate induction of intratumoral accumulation of ICB-educated eosinophils by
recombinant IL-33 (rIL-33) might represent a viable strategy to enhance the therapeutic
benefit of ICB in breast cancer, in absence of chemotherapy. Treatment of mice bearing
orthotopically transplanted KEP tumors with rIL-33 alone or in combination with ICB resulted
in increased eosinophils in the blood and bone marrow, as well as increased intratumoral
eosinophil infiltration (Figure 7A-C). However, only the combination of ICB and rlIL-33
increased CD8* T cell activation, and most notably increased the frequency of effector CD44*
and PD-1* CD8" T cells (Figure 7D), without altering other immune populations (Figure S7E-F).
Importantly, IL-33-mediated engagement of eosinophils during ICB and the resulting CD8*
T cell activation was accompanied by improved tumor control and extension of survival
(Figure 7E-F). Collectively, these data provide proof-of-principle that riL-33 can engage
eosinophils and represents a viable strategy to enhance response to ICB in breast cancer.

Discussion
In this study, we take a translational approach by combining longitudinal analysis of fresh
blood and tumor biopsy samples of a patient cohort with functional experiments in clinically
relevant mouse models to identify the IL-5 and IL-33-eosinophil axis as crucial mediator of
ICB response in breast cancer. The effect of ICB on myeloid cells and the influence of myeloid
cells on ICB response is often overlooked. We here show that an ICB-induced increase in
systemic IL-5, driven by CD4* T cells, pushes myelopoiesis towards increased eosinophil
production resulting in systemic eosinophil accumulation. Here, parallels can be drawn with
allergic conditions in which CD4* T cells and eosinophils have a pathogenic function. In
patients with allergic asthma, CD4* T cells play a major role in the pathophysiology driving
eosinophil expansion via IL-5 production*>. How ICB triggers this mechanism in the cancer
context is not fully elucidated, but we demonstrated that CD4* T cells of TNBC patients
upregulate IL-5 in vivo and in vitro upon stimulation with nivolumab/aPD-1, indicating that
ICB can directly stimulate CD4* T cells to secrete IL-5. A role for PD-1/PD-L1 signaling in
controlling IL-5 secretion from CD4* T cells has previously been proposed in the context of
allergy, where in vitro exposure of human allergen-specific CD4* T cells to PD-1 blockade
stimulated their production of IL-5, among other cytokines®®. Altogether, we demonstrate
that ICB-activated CD4* T cells use a similar mechanism via IL-5 to drive eosinophil
accumulation in cancer patients and preclinical models.

Although neutrophils and basophils also derive from common-myeloid progenitors
(CMP), express IL5R and can respond to IL-5 in certain inflammatory conditions®”®, IL-5 is
the central cytokine specific to eosinophil development in the bone marrow*. [L-33 is also
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implicated in eosinophil development, capable of inducing IL-5 and upregulating IL-5Ra on
eosinophil progenitors®. Interestingly, we observe that ICB, in absence of chemotherapy,
increases IL-5 expression but not IL-33, indicating that ICB-induced IL-5 is not dependent
on IL-33. This is further supported by our observation that systemic eosinophil abundance
was unchanged upon IL-33 blockade during CIS+ICB, confirming that IL-5 is the main driver
of eosinophil production in the bone marrow and systemic eosinophil accumulation upon
ICB.

We demonstrate that ICB can be sufficient to induce systemic eosinophil increase, but
in the majority of patients and in our mouse models (which do not respond to ICB alone),
this is not enough to achieve intratumoral eosinophil infiltration. We uncover that induction
of IL-33 is needed to overcome this threshold and enable eosinophil infiltration into the
tumor. IL-33 can either directly affect eosinophil activation and recruitment, as has been
shown for eosinophils in inflammatory diseases*, or indirectly by acting on other cells of
the tumor microenvironment, for instance by promoting chemokine expression in tumor
cells™. IL-33 can be passively released by epithelial cells upon cellular damage®' or actively
secreted by immune cells during infection® and tumor cells themselves®. Importantly, in
our mouse models cisplatin alone was not sufficient to increase IL-33 expression, indicating
that cell damage induced by chemotherapy is not the sole driver of increased IL-33. By
combining CIS+ICB we were able overcome this threshold and kick start the IL-33 aspect of
the cascade in our mouse models. Future research is warranted to understand which other
therapeutic modalities besides cisplatin may induce intratumoral IL-33 and whether these
depend on cancer cell-intrinsic features or context-dependent mechanisms remains to be
elucidated. For example, in patients the net-biological effect of IL-33 is influenced by levels
of soluble ST2 (also known as /LTRLT), which acts as a decoy receptor for IL-33, and for which
different genetic variants exist in humans®. Thus, adding layers of complexity to the
regulation of the identified immune axis.

Identifying the source of IL-33 and deciphering how its production is regulated during
ICB would be important to further harness its full therapeutic potential to synergize with ICB.

The synergy between rIL-33 and ICB has been studied in highly immunogenic models®>¢®,
but not, to our knowledge, in poorly immunogenic breast cancer models. Our observation
that IL-33 expression correlates with an eosinophil signature in metastases of breast cancer
patients that respond to ICB and our preclinical proof-of-principle study demonstrating that
rIL-33 mobilizes eosinophils to improve ICB response, indicate that IL-33 represents an
attractive engager of eosinophils in breast cancer patients during ICB. However, IL-33 is
reported to have pleiotropic functions®’. The systemic administration of rIL-33, as performed
in this study, induced an effective but modest anti-tumor response, especially in comparison
with CIS+ICB, likely because of the direct anti-tumor effect and additional immunomodulatory
properties of cisplatin®®. Further studies are needed to evaluate whether IL-33 in
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combination with ICB could be used to specifically engage eosinophils in patients, for
instance by local IL-33 administration, although, in the context of multi-organ metastatic
disease, local administration of rlL-33 would be challenging.

It has been suggested that ICB-induced eosinophils may exert direct tumoricidal effects
or enhance anti-tumor immunity by changing the tumor vasculature or reshaping the
immune landscape®. Eosinophils can facilitate recruitment of CD8* T cells by expression of
T cell chemoattractants'?* or promote T cell activation in the tumor'. We demonstrate that
eosinophils enhance CD8* T cell activation, rather than their recruitment, in mammary
tumors responding to CIS+ICB. In line with our findings in mouse models, we observed that
increased expression of an eosinophil gene signature correlated with increased CD8* T cell
and IFNy gene signatures in metastatic lesions of breast cancer patients responding to ICB.
This suggests that in TNBC patients, eosinophils also contribute to ICB response via activation
of CD8" T cells, as was previously proposed for melanoma patients'. It remains to be
determined whether eosinophils exert this function directly, for example by producing T
cell stimulating cytokines or chemokines, or indirectly via activation of for instance dendritic
cells, as has been described during allergic inflammation”>-72,

In our study, the treatment of mice and patients differed. In our mouse models, cisplatin
and dual ICB was needed to induce responses, while patients were treated with ICB alone
or preluded by a brief induction treatment. Despite these differences in dosage regime and
type of ICB therapy, we strikingly uncovered the same phenomena of increased eosinophils
in response to ICB, indicating that the mechanism described in this study is a general feature
of effective ICB response. This is supported by our observation that response to ICB leads
to eosinophil accumulation in several cancer types and by a recent small series of 14 TNBC
patients in which an eosinophil increase was observed upon response to anti-PD-L1 and
paclitaxel”®. Additionally, we validated in patients the different elements of the mechanism
identified in our preclinical models. We observed that circulating CD4* T cells of TNBC
patients upregulate IL-5 expression upon nivolumab treatment in vivo and in vitro. Moreover,
our data demonstrating that IL-5 is secreted in tumors that show an immunological response
upon ex vivo ICB stimulation with either aPD-1 or combined aPD-1+aCTLA-4, further
strengthen our conclusion that IL-5 induction is a common mechanism across different
tumor types and ICB regimens with or without chemotherapy.

Finally, it has been suggested that increased eosinophil counts upon ICB could be used
as an early predictive biomarker for response’®24. Although we see expansion of these cells
upon response to ICB in patients with metastatic TNBC, NSCLC and early-stage pMMR CC,
on-treatment response biomarkers are rarely used in oncology due to widely available
imaging methods for response assessment. Moreover, eosinophil expansion was not
restricted to responders, but was also observed in a proportion of non-responders as
previously reported, limiting its potential for clinical decision making'?4. Therefore, increased
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eosinophils upon ICB response, combined with our preclinical proof of their causal role in
ICB response, should be considered as an important lead for the development of novel
immunomodulatory strategies to engage eosinophils rather than a biomarker.

In conclusion, this study highlights that combining translational research on clinical
trials with mechanistic research in preclinical models is a powerful strategy to unravel novel
mechanisms of ICB response. Our findings emphasize that successful anti-tumor immune
responses are not only reliant on T cells, but that crosstalk with myeloid cells is critical for
an effective response to ICB, providing new avenues for future research in immuno-
oncology.
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STAR Methods

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources of this study should be directed to Karin
de Visser (k.d.visser@nki.nl)

Materials availability
This study did not generate new unique reagents.

Data and code availability

* RNA-sequencing data on mouse eosinophils generated in this study has been deposited
at Gene Expression Omnibus (GEO) under accession number GSE210895 and are publicly
available from the date of publication. RNA-sequencing data on tumor biopsies of TNBC
patients treated in the TONIC-trial stage 1 are deposited at the European Genome-
phenome Archive (EGA) under accession number EGAS0001003535 and will be made
available from the corresponding author on reasonable request. NanoString data from
TONIC-trial stage 1 and RNAseq data of TNBC patients treated in TONIC-trial stage 2
reported in the paper are not deposited in a public repository pending ongoing work but
can be made available from the corresponding authors upon reasonable request. All
human data requests will be reviewed by the Institutional Review Board (IRB) of the NKI
and applying researchers have to sign a data transfer agreement after IRB approval
before the data can be released.

e This paper does not report original code.

* Any additional information required to re-analyze the data reported in this paper is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Preclinical models

The transgenic Keratin14-cre;Cdh 1%, Trp537F(KEP) model for primary mammary tumorigenesis
34 (FVB/N genetic background), KEP-based orthotopic mammary tumor model and the KEP-
based model for spontaneous breast cancer metastasis > were used as previously described
2627 Female KEP mice were monitored twice per week for spontaneous tumor formation by
palpation starting at the age of 3.5 months. KEP mice develop palpable tumors between 6-8
months of age3. The perpendicular diameters of the tumors were measured using a caliper
and tumor area was calculated accordingly. Female FVB/N mice of 8-12 weeks of age were
obtained from Janvier Labs. Rag7 k.o. in FVB/N genetic background were a gift from L.
Coussens’. Cdh17,;Trp537;Foxp3P™¢* mice” in FVB background were generated by the
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Animal Modeling Facility (AMF) of the Netherlands Cancer Institute. All mice were kept in
individually ventilated cages at the animal laboratory facility of the NKI. Food and water
were provided ad libitum. All animal experiments were approved by the Animal Ethics
Committee of the NKI and performed in compliance with the national and European
guidelines for animal care and use.

Clinical trial procedures

Trial procedures were performed as described previously in the respective publications 23",
All patients included in stage 1 2 and stage 2 of the TONIC-trial (NCT02499367) were included
in the current analysis. In stage 1, 70 patients were included in the TONIC-trial, of which 67
patients received nivolumab and were available for efficacy and translational analysis, as
previously described 6. An additional 47 patients were included in stage 2 of the trial, of
which 44 patients received nivolumab and were available for efficacy and translational
analysis. From these 111 patients (Table S1), paired flow cytometry on fresh blood (baseline,
after two-week induction period and after 3 cycles of nivolumab) was performed on 55
patients and paired routine eosinophil counts were available for 90 patients (sample
availability in Table S2 and Figure S1b). Progression-free survival was measured as time
between date of randomization and date of progression according to iRECIST or date of
death. Overall survival was measured as time between first date of nivolumab and date of
last follow-up or date of death. Data was cut-off at 1 March 2021.

Patients with metastatic NSCLC were treated in the PEMBRO-RT trial (NCT02492568)%
at the NKI (paired data for n=40 from the total of 55 patients treated at the NKI and the total
of 76 patients included in the trial), in which patients were randomized to pembrolizumab
with or without upfront radiation #°. To investigate eosinophil dynamics in patients with
metastatic AIMMR tumors, we made use of patients treated with nivolumab in the NKI within
the dMMR cohort (paired data for n=9 of the total 11 patients treated at the NKI and the
total of 30 patients included in the cohort) of the DRUP-trial (NCT02925234) 3. Finally,
patients with early-stage colon cancer (either dAMMR (n=21) or pMMR (n=17)) were treated
in the NICHE-trial, in which patients are treated with neo-adjuvant ipilimumab (1mg/kg) and
nivolumab (3mg/kg), with or without additional celecoxib in pMMR patients (NCT03026140)%°.
In the patients with metastatic disease, response was defined as complete response (CR),
partial response (PR) and stable disease (SD) of at least 24 weeks, defined according to
RECIST1.1 76, Best overall response in the TONIC-trial was measured according to iRECIST”.
Response in the NICHE-trial was defined as any pathological response (>10% tumor
regression), assessed on surgical material after neo-adjuvant treatment. All clinical study
protocols were approved by the medical-ethical committee of the NKI and conducted in
accordance with the ICH Harmonized Tripartite Guideline for Good Clinical Practice and the
principles of the Declaration of Helsinki. All patients provided written informed consent to
participate in the clinical trial.
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METHOD DETAILS

Preclinical intervention studies

In the spontaneous KEP model, all treatments started when tumor area reached 50mm?.
For the KEP-based orthotopic mammary tumor model, mammary tumor pieces of 1Tmm?
size derived from KEP mice were orthotopically transplanted into the mammary glands of
female FVB/N mice. In this model, treatments started when tumor area reached 25 mm2.
For the survival experiments and endpoint analysis mice were sacrificed when the cumulative
tumor burden reached 225mm?2. KEP mice were sacrificed 21 days after initiation treatment
to analyze the ‘responsive phase’ or at a tumor size of 150mm? for the KEP-based orthotopic
mammary tumor model. Cisplatin (Accord Healthcare Limited) was injected intravenously
once every two weeks at 5mg/kg, for a maximum of 4 cycles. Anti-mouse PD-1 (RMP1-14,
BioXCell), anti-mouse CTLA-4 (9D9, BioXCell) or control (2A3, BioXCell) antibodies were each
given intraperitoneally at 100pg per mouse, twice per week. Anti-CD8 (2.43, BioXCell) or
anti-CD4 (GK1.5, BioXCell) antibody were given intraperitoneally at 200pg per mouse, twice
per week. Anti-mouse SiglecF (238047, R&D systems) and control antibody (2A3, BioXCell)
were administered intraperitoneally at 20pg per mouse, three times a week. Anti-IL-5 (TRFKS5,
BioXCell) and control antibody (HRPN, BioXCell) were given intraperitoneally at 500ug per
mouse, twice per week. Recombinant mouse IL-33 (Biolegend) was given intraperitoneally
at 0,4 pg per mouse, three times a week. IL-33-TRAP (provided by Rudi Beyaert laboratory,
VIB, Belgium) was given intraperitoneally at 50pg per mouse daily. For the T__depletion in
Foxp3-GFP-DTR mice, DT (Diptheria toxin from Corynebacterium diphteriae) was given
intraperitoneally at 25pg/kg, at day 0 and day 4 after start of treatment. All antibody
treatments continued until the experimental endpoint was reached.

For metastasis experiments, mammary tumor pieces of Tmm? size derived from KEP
mice were orthotopically transplanted into the mammary glands. Mammary tumors were
surgically removed when they reached the size of 100mm?2. In the metastasis experiments,
all treatments started 15 days after mastectomy, when all mice have established metastasis
in the lung and/or lymph node, and treatments continued until the experimental endpoint.
All treatments were performed as described above. For survival experiments, mice were
sacrificed when they developed signs of distress caused by metastatic disease (respiratory
distress) or when lymph node metastasis reached the size of 225mm?2. For analysis of
‘responsive phase’, metastasis-bearing mice were sacrificed 10 days after start of treatment
for Ctrl Ab and ICB groups and 21 days for CIS+Ctrl Ab and CIS+ICB groups.

Flow cytometry analysis

Tumors and organs from KEP mice and FVB/N mice with metastatic breast cancer were
collected in ice-cold PBS. Blood was withdrawn by tail vein or heart puncture and collected
in K,EDTA-containing tubes (BD Microtainer Blood Collection Tubes). Tumor tissues and
lungs were mechanically minced using the Mcllwain tissue chopper (Mickle Laboratory
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Engineering) and enzymatically digested at 37°C in DMEM medium containing 3mg/ml
collagenase type A (Roche) plus 25pg/ml of DNase | (Sigma) for 45 min or in 100pg/mL
Liberase TM (Roche) for 30 min, respectively. Half of the lymph nodes and spleen were
enzymatically digested in RPMI medium containing 3mg/ml collagenase type IV (ThermoFisher
Scientific), 2mM CaCl,, 2% FCS and 25pug/mL DNase | for 30 min at 37°C and used to stain
for myeloid cell populations. The other half was directly processed into single cell
suspensions and used for lymphoid cell panels. All digestion reactions were stopped by
adding cold DMEM medium containing 10% FCS. For the analysis of bone marrow, tibia and
femurs were flushed with PBS and processed as the other organs. Single-cell suspensions
were obtained by mashing through 70um filter and resuspended in PBS containing 0.5%
BSA (Roche) and 2mM EDTA (Lonza). Blood, spleen, lungs and bone marrow samples were
treated for 5 min at room temperature with NH, lysis buffer to remove erythrocytes.

For flow cytometry analysis of patient sample preparations, peripheral blood was
collected in an K,EDTA vacutainer (BD) and processed and analyzed within 24 hours. Red
blood cells were lysed (lysis buffer: dH,0, NH,Cl, NaHCCO,, EDTA) and cells were resuspended
in PBS containing 0.5% BSA and 2mM EDTA. To obtain absolute white blood cell counts per
mL of human blood, the total post-lysis cell count was obtained using the NucleoCounter
NC-200 (Chemometec) Automated cell counter was divided by the total volume (mL) of
blood.

For intracellular cytokine staining, cells were stimulated ex vivo with 50ng/ml PMA, 1TuM
ionomycin and Golgi-Plug (1:1000; BD) for 3h at 37°C in IMDM medium supplemented with
8% FCS, 100 IU/ml Penicillin-Streptomycin (Roche) and 0.5% 3-mercaptoethanol. For surface
antigen staining, cells were first incubated with rat anti-mouse CD16/CD32 antibody (1:100;
Mouse Fc Block, BD Bioscience) or human FcR Blocking Reagent (1:100 Miltenyi) for 15 min
at 4°C and then incubated with fluorochrome-conjugated antibodies for 30 min at 4°C, in
the dark. For intracellular antigen staining, cells were fixed with Fixation/Permeabilization
solution 1X (Foxp3/Transcription Factor Staining Buffer Set, eBioscience) for 30 min at 4°C
and stained with fluorochrome-conjugated antibodies in Permeabilization buffer 1X
(eBioscience) for 30 min at room temperature. Viability was assessed by staining with either
7AAD staining solution (1:20; eBioscience), Zombie Red Fixable Viability Kit (1:800 BioLegend)
or with Fixable Viability Dye APC-eFluor780 (1:1000; eBioscience). Data acquisition was
performed on BD LSRII flow cytometer using Diva software (BD Biosciences) and data analysis
was performed using FlowJo software version 10.6.2. All used flow cytometry antibodies can
be found in Key Resources Table. Gating strategies are displayed in Figure S8 & 9.

Immunohistochemistry

KEP tumors were fixed for 24h in 10% neutral buffered formalin, embedded in paraffin and
sectioned at 4um. CD4, CD8, FOXP3 and Ly6G stainings were performed by the Experimental
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Animal Pathology facility of the NKI. Antibodies are listed in Key Resources Table. For MBP
staining, sections were deparaffinized in xylene for 20 min, rehydrated, and incubated with
3% H,0, for 10 min at room temperature. Antigen retrieval was performed using Pepsin
solution (ThermoFischer Scientific) for 10 min at room temperature. As blocking solution
PBS with 2.5% BSA and 10% normal goat serum was used for 30 min at room temperature.
Sections were incubated with rat anti-mouse MBP antibody (1:350, clone MT-14.7.3, Lee
Laboratory, Mayo Clinic) diluted in 0.5X blocking solution, overnight at 4°C. Biotinylated goat
anti-rat IgG antibody (1:300, Southern Biotech) was used as secondary antibody. Streptavidin-
HRP and DAB solution (DAKO) were used following manufacturer’s instructions. Sections
were counterstained with hematoxylin solution. Slides were scanned using Aperio ScanScope
and analyzed with Aperio ImageScope software version 12.4.3 (Aperio, Vista).

RNA-sequencing of mouse eosinophils

For the transcriptomic analysis, a minimum of 35000 eosinophils (CD11b* Ly6G'ow SSChigh
F4/80%) were sorted from the blood in RLT buffer containing 1% 3-ME, using a BD FACSAria™
Fusion Cell Sorter. RNA was isolated following RNeasy Mini Kit (Qiagen) protocol, using 80%
ethanol instead of RPE buffer. Smart-seq2 library preparation was performed as previously
described?, using 2100 Bioanalyzer System (Agilent) for quality control. Only samples with
RIN = 7 were used for RNA-sequencing analysis. The strand-specific reads (65bp single-end)
were sequenced with the HiSeq 2500 System (lllumina). Demultiplexing of the reads was
performed with lllumina’s bcl2fastq software and demultiplexed reads were aligned against
the mouse reference genome (build 38) using HISAT2. HISAT2 was supplied with known set
of gene models (Ensembl version 87). Qlucore Omics Explorer (Qlucore AB, Lund, Sweden)
software was used to calculate and visualize differentially expressed genes (p<0,05) and
sample variation, after having discarded genes with fewer then 30 mapped reads in at least
9 samples and performed data normalization by TMM method. Gene set enrichment analysis
(GSEA) was performed using the GSEA program version 4.0.3 (Broad Institute). Hallmarks
gene sets from Molecular Signatures Database v7.2 were used. Mouse gene symbols were
remapped to human orthologues using Mouse_Gene_Symbol_Remapping_Human_
Orthologs_MSigDB.v7.2.chip annotation file.

Cytokine analysis

For the analysis of cytokines and chemokines expression in mouse plasma, serum or tumor
lysate, custom-made Legend Plex bead-based immunoassay (Biolegend) was used, according
to manufacturer instructions. 50 pg of total protein from lysed tissues was used for
measurements. Data acquisition was performed on LSRFortessa (BD Biosciences) flow
cytometer using Diva software (BD Biosciences) and analyzed using LEGENDplex™ Data
Analysis Software Suite (Biolegend). In addition, mouse IL-5 ELISA detection kit (BioLegend)
was used, according to manufacturer instructions.
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Routine eosinophil counts in patient cohorts
Eosinophil counts were measured with a XN-2000 Hematology Analyzer of Sysmex at the
diagnostic Clinical Chemistry Department. The variation coefficient was below 10%.

RNA extraction and NanoString gene expression analysis

RNA was isolated from freshly frozen sections of biopsies as previously described 2. For
each patient, sequential biopsies were taken from the same metastatic lesion, however per
patient, the site of the metastatic lesion was different (predominantly, but not only, lymph
nodes, recurrent lesion in breast, liver, skin). mRNA expression was measured with the
nCounter technology provided by NanoString Technologies as previously described 2.
NanoString mRNA counts were available for patients included in stage 1 of the TONIC-trial
(paired metastatic biopsies pre-nivolumab and on-nivolumab n = 26).

RNA-sequencing on patient tumor biopsies

The RNA-sequencing data was aligned to the reference genome GRCh38 with STAR (version
2.7.1a) 7 with two-pass mode option set to “Basic”. For comparison between patients, a
median of ratios normalization was performed with Deseq2 R package (version 1.24.0, %)
and for within-patient comparisons TPM normalization was used. Data was analyzed using
Python 3.7.6, with pandas (version 1.0.1,%%2) and NumPy (version 1.18.1,2% packages. Plots
were created using Matplotlib (version 3.1.3, #) and Seaborn (version 0.10.0,%), statistical
annotation was added using statannot (version 0.2.2,%). All gene-signatures are listed in
Table S3. Mean normalized expression values of individual genes were taken as a signature
score. A fold change of the signature score baseline vs. on-nivolumab was taken for each
signature. RNA-sequencing on paired metastatic lesions (baseline and on-nivolumab) was
available for 48 patients, included in both stages of the trial.

RT-qPCR

Human CD3* CD4* T cells were sorted from TONIC patient PBMCs into RLT buffer containing
1% B-ME, using a BD FACSAria™ Fusion Cell Sorter. RNA was isolated following RNeasy Micro
Kit (Qiagen) protocol. RNA was converted to cDNA with an AMV reverse transcriptase using
Oligo(dT) primers (Invitrogen). For mouse CD4*CD25 T cells, RNA was converted to cDNA
using High-capacity cDNA reverse transcription kit (ThermoFisher Scientific), following kit
instructions. cDNA (20 ng per well) was analyzed by SYBR green real-time PCR with 500 nM
primers using a LightCycler 480 thermocycler (Roche). Gapdh was used as a reference gene.
Primer sequences used for each gene are listed in the Key Resources Table. Fold change in
expression was calculated using 2 -(4ctx - average(ACt.control)
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Human PBMC stimulation

PBMCs were isolated at baseline from patients with metastatic TNBC in the control arm of
the TONIC trial. Patient PBMCs were seeded at a density of 500,000 cells per well in 96-well
plates in DMEM (Sigma), 10% FBS (Sigma), 1 mM sodium pyruvate (Sigma), 1x MEM
nonessential amino acids (Sigma), 1x Glutamax, 100 ng/ml penicillin/streptomycin, 50 nM
2-mercaptoethanol (Sigma). Cells were stimulated with a suboptimal concentration of 0.5pg/
ml plate bound anti-CD3 (OKT3, BioLegend) and 2pg/ml anti-CD28 (28.2, eBioscience) for
48 hours. Anti-PD1 (Nivolumab,10pg/ml) was added where indicated. GolgiPlug was added
to each well for the final 4 hours of stimulation and cells were analyzed by flow cytometry
as described above.

PDTF culture and stimulation

PDTF cultures were performed as described previously*. Briefly, tumor samples were
collected from surgical material of patients with renal cell carcinoma (anti-PD1+anti-CTLA-4
treated n=1 & anti-PD1 treated n=2), ovarian cancer (n=4 & n=1), melanoma (n=7 & n=5),
non-small cell lung cancer (n=1 & n=3), and colorectal cancer (n=0 & n=1). Patient
characteristics were described previously for samples stimulated with aPD-1 & aCTLA-4 4
and listed in Supplementary Table 4 for samples stimulated with aPD-1. Definition of
responder and non-responder PDTFs were described previously 44¢. Samples were cut in
fragments of 1-2 mm3 and embedded in an artificial extracellular matrix in a 96-well plate.
PDTF cultures were stimulated with medium supplemented with either anti-PD1 alone
(nivolumab, Bristol-Myers Squibb) at 10 pyg/ml or anti-PD-1 plus anti-CTLA4 (ipilimumab,
Bristol-Myers Squibb) at 10 pg/ml where indicated. After 48 hours of culture at 37°C,
supernatants were collected and IL-5 levels were measured using the LEGENDplex Human
Th Cytokine (BioLegend), according to the manufacturer’s protocol.

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Statistical analysis was performed in GraphPad Prism (version 8.4.3) or SPSS Statistics
(version 24). All statistical tests were two-sided. All p-values are uncorrected for multiple
testing unless stated otherwise. For heatmaps of human flow cytometry data (Figure S1C-F),
log, transformed cell count/mL or log, transformed fold change were depicted, centered
around the median for each population (row) separately. Hierarchical clustering was
performed on populations and patients based on 1 minus Pearson correlation and Euclidian
distance respectively. Complete-linkage was used for both cell populations and patients. To
assess dynamics in each cell population analyzed by flow cytometry between baseline and
on-nivolumab, the median log, fold change from baseline to on-nivolumab (log,(on-
nivolumab) - log,(pre-nivolumab) was plotted against Benjamini-Hochberg corrected
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p-values (Figure 1B). For dynamics in each cell population analyzed by flow cytometry
between pre-nivolumab and on-nivolumab, linear modeling was performed (similar to a
2-way ANOVA) to predict log, fold changes between pre-nivolumab and on-nivolumab counts
/ mL based on response and induction treatment: Log,-fold_change ~ response + induction_
treatment. This model assumes that the response and induction treatment have an additive
and independent effect on log fold changes. For each population responders were contrasted
from non-responders. For Figure S2D, the regression coefficients associated with response
for each population (x-axis) against the associated (Benjamini-Hochberg corrected) p-values
(Wald-test) were plotted. The uncorrected (Wald-test) p-values associated with different
induction treatments were estimated. For each population we performed a Shapiro-Wilk
normality test on the regression residue to see if the normality assumption was violated.

ADDITIONAL RESOURCES

This paper included flow cytometry and hemocytometer data of blood samples and RNAseq
data of tumor biopsies from patients with metastatic TNBC treated in the Netherlands
Cancer Institute in the TONIC-trial (NCT02499367). This paper also included hemocytometer
data on blood samples generated in the Netherlands Cancer Institute from patients with
metastatic NSCLC treated in the PEMBRO-RT trial (NCT02492568), patients with metastatic
dMMR tumors treated in the DRUP-trial (NCT02925234), and patients with early-stage colon
cancer treated in the NICHE-trial (NCT03026140). Data were kindly provided by the principal
investigators of the clinical trials. Further information on the clinical trial procedures and
links to clinical publications can be found in the Methods section on clinical trial procedure
and Key Resources Table.

KEY RESOURCES TABLE
The Key Resources Table is available in the online version of the paper.

Acknowledgements

We thank the patients and their families for participating in the clinical studies. We thank
the Dutch Cancer Society (KWF10083, KWF13191) and Swiss National Science Foundation
(P2FRP3_171794 and P400PM_18318/1 to L.S.) for funding the preclinical studies. We thank
the BMS-International Immuno-Oncology Network (BMS/II-ON) and the Dutch Cancer Society
(NKI2015-7710) for funding the TONIC study. The Dutch Cancer Society (10653ALPE) and A
Sister's Hope contributed to the immunophenotyping of the TNBC patients. Research in the
Kok group is funded by the Netherlands Organization for Scientific Research (NWO-VIDI
09150172010043) and the Hendrika Roet fund. Research in the De Visser laboratory is
funded by the Dutch Cancer Society (KWF10623), Oncode Institute, KWF/Oncode grant 14339

215



and the Netherlands Organization for Scientific Research (NWO-VICI91819616). This research
was further supported by an institutional grant to the NKI of the Dutch Cancer Society and
the Dutch Ministry of Health, Welfare, and Sport. I.S.A. holds a fundamental mandate of the
Foundation against Cancer. We acknowledge the supporting staff of the clinical trials of the
departments of Medical Oncology, Biometrics, Clinical Chemistry and the Triallab.
We acknowledge the Core Facility of Molecular Pathology & Biobanking and Michiel de
Maaker for human RNA isolations and the Genomics Core Facility for RNA-sequencing
support. We thank the Animal Laboratory Facility, Intervention Unit, Imaging Unit,
Experimental Animal Pathology Facility and Flow Cytometry Facility for their support. Finally,
we would like to thank everyone in the De Visser and Kok labs for inspiring discussions.

Author Contributions

0.S.B.,H.G,, LS., L.V, K.E.d.V and M.K. designed and performed experiments, analyzed and
interpreted the data and wrote the manuscript. O.S.B., and L.S. performed the preclinical
experiments with contributions from K.Ke., H.G., D.P., C.-S.H., K.V,, EAM.R,, D.K,, K.Ko., .S.A.
and R.B., supervised by K.E.d.V.. H.G. performed the blood phenotyping of the TONIC-trial
together with N.B., C.K., M.D, M.B., and K.V., supervised by K.E.d.V, and M.K.. L.V. coordinated
and analyzed the data of the TONIC-trial of which M.K. is the principal investigator. O.LI.
and E.v.D performed bioinformatic analysis on the RNA-sequencing and blood phenotyping
data of the TONIC-trial, respectively. M.C., W.T. and L.H. coordinated trial procedures and
collected clinical data of the NICHE-trial, PEMBRO-RT trial and DRUP-trial, respectively. P.B.
and E.E.V. are the principal investigators of the PEMBRO-RT and the DRUP-trial, respectively.
P.K. & D.S.T. developed and analyzed the data of the PDTF platform. L.F.A.W. supervised
bioinformatic and statistical analysis and contributed to interpreting the results. All authors
edited and approved the manuscript.

Declaration of interests

0.S.B., H.G, LS., LV, O.ll, Ev.D., N.B, CK,M.D., KKe., M.B., D.P,, C.S.H., KV, EAMR., DK,
L.H., KKo., I.S.A., P.K,, R.B., and D.S.T. have no competing interests to declare. M.C. reports
funding to the institute from BMS and Roche/Genentech and an advisory role for BMS,
outside the submitted work. W.T. reports receiving grants from MSD during the conduct of
the PEMBRO-RT trial. P.B. reports receiving grants and medication delivery from MSD during
the conduct of the PEMBRO-RT trial as well as grants and consultancy fees from BMS outside
the submitted work. E.E.V. is legally responsible for all contracts with pharmaceutical
companies at the NKI and reports research funding from BMS, outside the submitted
work. L.F.A.W. reports funding to the institute from Genmab BV. K.E.d.V. reports research

216

funding from Roche/Genentech and is consultant for Macomics, outside the scope of this
work. M.K. reports funding to the institute from BMS, Roche/Genentech, AZ and an advisory
role for BMS, Roche, MSD and Daiichi Sankyo, outside the submitted work.

217



Supplemental data

A

anti-PD-1

irradiation

S anti-PD-1

Until disease

progression,
toxicity,

orfor 1 year

cyclophosphamide .

randomization. |+ R

cisplatin '
2x 40 mg/m? IV antERD

anti-PD-1

8 weeks

Baseline (cells/mL)

3210123
Log, cells / mL

Response

Non-switched B cells
i naive B cells

IgM-only memory B cells
| | | Double negative B cells
Plasma cells/blasts
Switched memory B cells
Vo118 T cells
CDB" T cells
Eosinophils
Basophils
CD14* monocytes

| | Neutrophils
CD1c DCs
CD1c' DCs
CD14% monocytes
Tﬂ-v
| Conventional CD4* T cells
1 V6278 T cells
CD141%'DCs

E On nivolumab (cells/mL) F

3210123
Log, cells / mL

W Responders W Non-responders
Response
Eosinophils
pDCs
CD141""DCs
Basophils

CD14* monocytes
Neutrophils

CDB' T cells
8115 T cells,

Conventional CD4" T cells

-
CD1c’DCs

CD14¢" monocytes
CD1cDCs

V6215 T cells

Double negative B cells
Naive B cells

IgM-only memory B cells
Non-switched B cells
Plasma cells/blasts

Switched memory B cells

218

Blood

Paired hemocytometer counts
Baseline - On nivolumab

Paired flow cytometry

Baseline - On nivolumab
Tumor

Paired RNA-Seq
Baseline - On nivolumab

Paired NanoString

Pre nivolumab - On nivolumab

Pre nivolumab (cells/mL)

3210123
Log, cells / mL

W Responders ' Non-responders.

Response
Switched memory B cells
Plasma cells/blasts
IgM-only memory B cells
Vo175 T cells

CDB' T cells

Eosinophils

Basophils

Double negative B cells
pDCs

| CD14* monocytes
Neutrophils

Non-switched B cells
Naive B cells

Tvmp

Conventional CD4" T cells
627 T cells

CD14%" monocytes

CD1c DCs

CD1¢'DCs
CD141%"DCs

Baseline vs. On nivolumab (cells/mL)

3210123
Log, (On-nivo
Ibaseline)

B Responders Non-responders

Eosinophils
Neutrophils
CD14%" monocytes
CD1c°DCs

l Basophils

CD14* monocytes

CD141%DCs
Non-switched B cells
|| coiepes

Vo218 T cells

T,
CD8" T cells

Conventional CD4* T cells

Naive B cells

Double negative B cells
IgM-only memory B cells
Vo117 T cells

Plasma cells/blasts
Switched memory B cells

<444 Figure S1. Systemic immune cell landscape of patients treated in the TONIC trial
at baseline, after induction therapy and on nivolumab, related to Figure 1. (A) TONIC-trial
design (NCT02499367). Patients with metastatic triple-negative breast cancer were randomized
to 1 of 4 induction treatment arms (irradiation, cyclophosphamide, cisplatin or doxorubicin) or
a two-week waiting period all followed by nivolumab (3mg per kg every 2 weeks) in stage 1 of the
trial (19). In stage 2 of the trial, patients were randomized between doxorubicin induction for two
weeks followed by nivolumab or immediate start of nivolumab treatment (no induction). 111
patients received at least one cycle of nivolumab (baseline characteristics in Table S1). Blood
samples and biopsies were taken at baseline, after 2 weeks of induction treatment and after 3
cycles of nivolumab. Response was determined by iRECIST. (B) Venn diagrams showing the relation
in TONIC-trial sample availability between the different analyses. The left panel demonstrates the
overlap between availability of paired flow cytometry on fresh blood and paired hemocytometer
eosinophil counts from baseline to on-nivo. For 3 patients pre-nivo flow cytometry or
hemocytometer data were unavailable due to logistical reasons. The right panel demonstrates
overlap between tumor samples available for gene expression analysis by NanoString (pre-nivo
- on-nivo) and/or RNA-sequencing (baseline - on-nivo). NanoString analysis was performed on
TONIC stage 1 samples, RNA-sequencing on TONIC stage 1 and stage 2. For 4 patients there was
only pre-nivo RNA and no baseline RNA available. (C-E) Heatmaps depicting flow cytometry
analysis of immune populations at baseline (C), pre-nivo (after induction) (D) and on-nivo (E).
Colors in the heatmap correspond to log, transformed cells/mL and are centered to the median
for each population (row) separately. (F) Heatmap representing the log, fold change of systemic
immune cell populations (cells/ml) assessed by flow cytometry from baseline to on-nivo, centered
around the median for each immune cell population (row) separately. For (C-F), hierarchical
clustering was performed on cell populations and patients based on 1 minus Pearson correlation
and Euclidian distance respectively. Complete-linkage was used for both cell populations and
patients.
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Table S1: Baseline characteristics of all patients receiving at least one dose of nivolumab in the TONIC-trial

(stage 1 and 2), related to Figure 1. Table S3: List of gene signatures used for human RNA-seq analysis, related to Figure 2.

Total population Gene signature Genes
(n=111) Eosinophil gene signature SIGLEC8®, RNASE2%, RNASE®S, IL5RA%, CCR3°
Median age, years (range) 52 (29-74) Expanded T cell signature®  CD3D, IDO1, CIITA, CD3E, CCL5, GZMK, CD2, HLA-DRA, CXCL13, IL2RG,

WHO performance status, n (%) NKG7, HLA-E, CXCR6, LAG3, TAGAP, CXCL10, STAT1, GZMB

0 70 63% Structural CD8* T cell CD3D*', CD3E*', CD3G®', CD8A%?, CD8B°?, TRA®', TRBC1°!, TRBC2*', CD247°'
1 a1 37% signature
gBRCA1/2, n (%) IFNy gene signature IDO1, CXCL9, CXCL10, HLA-DRA, STATT, IFNG
Mutation 6 5%
Wildtype 78 70%
Unknown 27 24%
Location of metastasis, n (%) Table S4. Patient characteristics of tumors included in PDTF analysis treated with aPD-1 alone. Related
Lymph node only 10 9% to Figure 5.
Visceral metastasis 79 71% Patient ID Tumor type Tumor site Ex vivo response to aPD-1
Other metastasis 22 20% -
. . o CRC003 Colorectal cancer Primary Yes
No. of prior therapies for metastatic disease, n (%)
0 29 26% 0V013-3 Ovarian cancer Peritoneal metastasis Yes
1 56 50% LUO19 Non-small cell lung cancer ~ Primary Yes
23 26 23% AKB803 Melanoma Lymph node metastasis Yes
Previous neoadjuvant or adjuvant therapy, n (%) 96 86% MELO21 Melanoma Lung metastasis Yes
Previous chemotherapy exposure, n (%) MELO25.1 Vel L h nod tastasi N
Taxane 101 91% - elanoma ymph node metastasis o
Anthracycline 95 86% LU027-2 Non-small cell lung cancer Primary No
Platinum 60 54% MELO32 Melanoma Metastasis muscle No
Capecitabine 60 54% REO15 Renal cell carcinoma Primary No
0
LDH level, n (%) RE028 Renal cell carcinoma Primary No
< ULN 70 63% )
< 2% ULN 2 37% MELO072 Melanoma Lymph node metastasis No
ULN = upper limit of normal (= 250 U/L). LU032 Non-small cell lung cancer Primary No
MELO77 Melanoma Abdominal metastasis No
LU028 Non-small cell lung cancer  Primary No

Table S2: Sample availability in the TONIC-trial (stage 1 and 2), related to Figure 1

# of patients

All included patients 111
Routine eosinophil counts

Paired baseline - on-nivo 90
Paired pre-nivo - on-nivo 87
Flow cytometry fresh blood

Paired baseline - on-nivo 55
Paired pre-nivo - on-nivo 52

RNA-sequencing data
Paired baseline - on-nivo 48

NanoString gene expression (TONIC stage 1 only)
Paired pre-nivo - on-nivo 26
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Figure s2. Systemic reduction of CD1c* dendritic cells and expansion of T, _and eosinophils
during immune checkpoint blockade response is independent of induction treatment in
TONIC trial, related to Figure 1. (A-B) Paired flow cytometry analysis of systemic CD1c* DCs
(log2 transformed cells/ml) (A) and Tregs (log2 transformed cells/ml) (B) comparing baseline to
on-nivo in responders and non-responders, treated in the TONIC-trial. Paired data are available
for 55 patients (A) and (B). Statistics by Wilcoxon Signed-Rank. (C) Fold change in systemic
eosinophils (log2 transformed cells/ml by flow cytometry) from baseline to on-nivo in responders
and non-responders, treated in the TONIC-trial. Paired data is available for 55 patients. Statistics
by Mann-Whitney, median with interquartile range (IQR). (D) Volcano plot depicting the linear
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regression coefficient on the effect of response by changes in immune populations analyzed by
flow cytometry (pre-nivo to on-nivo; x-axis) and Benjamini-Hochberg corrected p-values (y-axis),
while respecting additive influence of induction treatment (linear modeling). The regression
coefficients associated with response for each population (x-axis) against the associated
(Benjamini-Hochberg corrected) p-values (Wald-test) were plotted. (E) Induction treatment effect
on eosinophil dynamics as determined by flow cytometry shown as median count and interquartile
range, statistical analysis was performed using Wilcoxon Signed-Rank test comparing baseline
to on-nivo in responders and non-responders. (F) Paired flow cytometry analysis of eosinophils
(log2 transformed cells/ml) comparing pre-nivo to on-nivo in responders and non-responders,
treated in the TONIC-trial. Paired data was available for 52 patients. Statistics by Wilcoxon Signed-
Rank. (G) Fold change in systemic eosinophils assessed by hemocytometer from baseline to on-nivo
in responders and non-responders. Paired data is available for 90 patients. Statistics by Mann-
Whitney, median with interquartile range (IQR). (H) Paired hemocytometer analysis of systemic
eosinophils comparing pre-nivo to on-nivo in responders and non-responders. Paired data is
available for 87 patients. Statistics by Wilcoxon Signed-Rank. (I-J) Kaplan-Meier curve of
progression-free survival (I) or overall survival (J) of patients divided between a fold change in
eosinophils (pre-nivo to on nivo) lower than 2 or equal to/higher than 2. Statistics with log-rank
and univariate hazard ratios by Cox regression (fold change lower than 2 as reference category).
Data was cut-off at 1 March 2021.
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Figure S3. Systemic eosinophil accumulation after ICB and association with therapy
response in different cancer types, related to Figure 1. (A) Fold change of eosinophil counts
after two cycles of pembrolizumab in patients with metastatic non-small lung cancer (NSCLC)
treated with pembrolizumab (200 mg, q3w) with or without upfront radiation (NCT02492568)%.
Paired data was available for 40 patients. (B) Paired analysis of absolute eosinophil counts in
blood between baseline and two cycles of pembrolizumab in responding and non-responding
patients with metastatic NSCLC. (C) Fold change of eosinophil counts after one cycle of ipilimumab/
nivolumab treatment and baseline in patients with early-stage colon cancer, either mismatch
repair-proficient (oMMR) or mismatch repair deficient (dMMR), treated with neo-adjuvant
nivolumab (day 1 and day 15, 3 mg/kg) and ipilimumab (day 1, 1 mg/kg) in the NICHE-trial
(NCT03026140)*. Response was defined as a pathological response (<90% tumor rest). Eosinophils
were measured after 1 cycle of ipilimumab/nivolumab and after 1 additional cycle of nivo. All
patients with early-stage dMMR colon cancer had a pathological response. Paired data was
available for 21 patients. (D-E) Paired analysis of absolute eosinophil counts in blood between
baseline and on treatment in responding and non-responding patients with mismatch repair-
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proficient (pMMR) (D) and mismatch repair deficient (dAMMR) (E) early-stage colon cancer, treated
with two cycles of neo-adjuvant nivolumab and ipilimumab in the NICHE-trial. (F) Fold change of
eosinophil counts after two or three cycles of nivolumab treatment in patients with metastatic
dMMR tumors, treated with nivolumab (240 mg, g2w) in the dMMR cohort of the Drug Rediscovery
Protocol (NCT02925234)3'. 7 patients with colorectal cancer (6 patients with paired data), 1 patient
with urothelial cell cancer (no paired data), 1 patient with cervical cancer, 1 patient with breast
cancer and 1 patient with endometrial cancer were included in this cohort. (G) Paired analysis
of absolute eosinophil counts between baseline and two or three cycles of nivolumab in responding
and non-responding patients with metastatic dMMR tumors, treated with nivolumab in the dMMR
cohort of the Drug Rediscovery Protocol. Response was defined as complete response (CR), partial
response (PR) or stable disease (SD) for 24 weeks or longer according to RECIST1.1 for (A-B and
F-G). For (A,C,F), median and interquartile ranges are displayed; statistics by Mann-Whitney. For
(B-E & G), statistics by Wilcoxon-signed-rank. Dashed lines indicate the threshold (0.1 x10° cells/L)
of the hemocytometer counts reported in the patient records, counts below this threshold were
replaced with a value of 0.09 x10° cells/L.
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Figure S4. ICB and cisplatin induces systemic T-cell activation and eosinophil expansion in
pre-clinical models of mammary tumorigenesis and advanced metastatic breast cancer,
related to Figure 3. (A-B) MRI images displaying the lung and axillary lymph nodes (A) and H&E
staining of right axillary lymph node (= primary tumor draining lymph node) and lungs (B) of
mice bearing KEP-derived metastases 15 days after mastectomy. Scale bars represent Tmm (left)
and 2.5mm (right). Orange arrows indicate lung metastatic nodules and pink arrows indicate a
lymph node affected by metastatic disease. (C) Kaplan-Meier survival curves of KEP mice treated
as indicated (CIS + Ctrl Ab, n=22, 3 censored, CIS + anti-CTLA-4, n=12, 1 censored, or CIS + anti-
PD-1, n=17, 3 censored). Log-rank (Mantel-Cox) test. (D) Fold change compared to Ctrl Ab-treated
mice of CD8" (left) and CD4* CD25 (right) T cells expressing the indicated activation markers
expressed in blood at metastasis-related endpoint (n=4-7), determined by flow cytometry. Log

226

transformed data are presented. Mean +S.E.M., 1-way ANOVA followed by Dunnett's multiple
comparisons test. (E) Frequency of effector CD8* (left), effector CD4* CD25 (middle) T cells and
IFNg* and TNFa* double positive CD8* T cells (right) in blood of KEP mice at tumor-related endpoint
(n=4-5), determined by flow cytometry. Mean +S.E.M., 1-way ANOVA followed by Dunnett’s multiple
comparisons test. (F) Frequency of eosinophils (defined as: CD11b* Ly6G"*" F4/80™ SiglecF*) in the
TDLN (left) and spleen (right) of KEP mice at tumor-related endpoint as determined by flow
cytometry (n=4-6). Mean +S.E.M., 1-way ANOVA followed by Dunnett's multiple comparisons test.
(G) Representative image and quantification of immunohistochemical staining for major basic
protein (MBP) of KEP tumors at tumor-related endpoint demonstrating eosinophil distribution in
intratumoral, periphery and border regions. Intratumoral areas were defined as more than
700um distant from the border of the tumor tissue; tumor periphery was defined as areas between
200um and 700um from the border of tumor tissue; border areas were defined as areas spanning
from 200um inside the tumor tissue to 300um into the surrounding non-tumoral tissue. Scale
bar represents 100um. Each dot represents the average of 4-5 different tumor areas of 0.5mm?
per mouse. Mean +S.E.M., Kruskal-Wallis test. (H) Volcano plot demonstrating differentially
expressed genes between eosinophils sorted from the blood of mice treated with Ctrl Ab or CIS +
ICB in responsive phase of therapy. Genes contributing to the “Hallmark_Interferon_gamma_
response” and “Hallmark_oxidative_phosphorylation” gene-sets are highlighted. (I) Gene sets
derived from the Molecular Signatures Database Hallmark Gene Set Collection enriched in mice
treated with CIS + ICB (blue) or Ctrl Ab (orange) (FDR q < 0,25). The Normalized Enrichment Scores
(NES) of the top 10 enriched gene sets are shown, ordered based on ascending g-value. (J)
Enrichment plot for the gene-set “Hallmark_Interferon_gamma_response” upregulated in
eosinophils treated with CIS + ICB. (K) Enrichment plot for the gene-set “Hallmark_oxidative_
phosphorylation” upregulated in eosinophils treated with Ctrl Ab. ns, not significant *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Tumor Blood Lung Stk oxpression o <444« Figure S5. Depletion of eosinophils using anti-SiglecF antibody does not promote
| Crmbmasger ST L, mowbmmiSger CD4* T cell or T, activation in the tumor and tumor-draining lymph node during combined
- ICB and cisplatin treatment, related to Figure 4. (A-C) Frequency of indicated immune cells in
the tumor (A), blood (B), and lungs (C) of treated KEP mice at tumor-related endpoint as determined
by flow cytometry (n=4-10). Mean +S.E.M., Mann-Whitney. (D) Mean Fluorescence Intensity (MFI)
of SiglecF expression on eosinophils, total neutrophils or SiglecF* neutrophils of KEP mice at
R Y v PR S F—— tumor-related endpoint (n=4), measured by flow cytometry in indicated tissues. Mean +S.E.M.,
& & & & & LN o Eitis T s S et Multiple unpaired t-tests followed by Holm-Sidak for multiple comparison. (E) Quantification of
IHC staining for Ly6G* cells per FOV in the tumor and lung of treated KEP mice at tumor-related
Lo ep Sorder Periphery tratumorl Tumor growth endpoint (n=6-10 mice, the average of 5 FOVs per mouse). (F) Quantification of IHC staining for
_* p=od = LN R . MBP* cells per mm? in the tumor and lung of treated KEP mice at tumor-related endpoint (n=4-5
mice). (G) Quantification of IHC staining for MBP of KEP tumors at tumor-related endpoint
demonstrating eosinophil distribution in intratumoral (left), periphery (middle) and border regions
(right), defined and analyzed as described in Figure S4G. Data of CIS + Ctrl Ab and CIS + ICB groups
are the same as displayed in Figure S4G. Mean +S.E.M., Mann-Whitney. (H) Growth curve of
Ry 0 2 4 6 8 1012 14 16 18 mammary tumors in KEP mice treated with control antibody (n=7) or anti-SiglecF (n=3). (I-Q) KEP
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coes flow cytometry, measured 21 days after initiation of indicated treatments (n=5). (M-N) Data of

cotste (K-L) was normalized to the frequency observed in control mice. Log transformed data is presented.

(O-Q) Frequency of CD8" T cells (0), CD4*CD25 T cells (P) and regulatory T cells (Q) expressing the

indicated activation markers as determined by flow cytometry in the TDLN, measured 21 days

after initiation of indicated treatments (n=5). Boxes represent median and interquartile range;

whiskers represent full range. 2-way ANOVA followed by Tukey's multiple comparison test. *p<0.05,
**p<0.01, ¥**p<0.001, ****p<0.0001.
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<444« Figure S6. Dynamics and properties of ICB-induced eosinophils in mice with KEP-
derived metastatic disease or mammary tumors, related to Figure 5. (A) Frequency of
eosinophils in blood of mice with KEP-derived metastatic disease treated as described in Figure
3E, as determined by flow cytometry at the indicated time-points (Ctrl Ab n=3-11, ICB n=3-11). (B)
Gating strategy for the identification of Lin"Sca1-CD34*cKit™CD125*Gr1-eosinophil progenitors in
the bone marrow. (C) Frequency of indicated cell types in the bone marrow of mice with KEP-
derived metastatic disease treated as indicated, as determined by flow cytometry (Ctrl Ab n=13,
ICB n=13). LT-HSC, long-term hematopoietic stem cell; MPP, multipotent progenitor; CMP, common
myeloid progenitor; GMP, granulocyte-monocyte progenitor; CDP, common dendritic cell
progenitor; MDP, macrophage-dendritic cell progenitors. Multiple unpaired t-tests followed by
Holm-Sidak for multiple comparison. (D) Absolute quantification of IL-5 levels in plasma of mice
with KEP-derived metastatic disease treated as indicated (Ctrl Ab n=9, ICB n=10) as measured by
Legend Plex. The mice shown here are the same used for the analysis of Figure 5F. (E) Frequency
of indicated immune cell populations in tumors of treated KEP mice at tumor-related endpoint,
as determined by flow cytometry (n=4-5). The mice shown here are the same used for the analysis
of Figure 5K-N. T-way ANOVA. (F) Frequency of SiglecF+ neutrophils in primary tumor of treated
KEP mice at tumor-related endpoint, as determined by flow cytometry (n=4-5). (G) Number of
CD4 T cells (gated as: CD3*CD8CD25 cells) in the blood of mice with KEP-derived metastatic
disease treated as described in Figure 5R, as determined by flow cytometry. Pooled data of two
independent experiments. (H-) Frequency of total eosinophils (H) and LinScal
CD34*cKit"CD125*Gr1- eosinophil progenitors (1) in the bone marrow of mice with KEP-derived
metastatic disease treated as described in Figure 5R, as determined by flow cytometry (n=13-14).
(/) Number of eosinophils in the blood of KEP-metastasis-bearing mice treated with CIS+ICB (n=5)
or CIS+ICB+anti-CD4 (n=5) and analyzed on day 10 after start of treatment. (K) Experimental
set-up and treatment scheme for the depletion of T .. in mice with KEP-derived orthotopic
mammary tumors. (L) Representative dot plots showing T, levels in the blood of mice at the
experimental endpoint. Average frequency of T,__as percentage of CD4* cells +S.E.M. are displayed.
DT, diphtheria toxin. (M) Number of eosinophifs in blood of mice treated as described in (H) (ICB
+ PBS, n=6, ICB + DT n=7), as determined by flow cytometry. All data are mean +S.E.M, unpaired
t-test, unless indicated otherwise. ns, not significant, *p<0.05, **p<0.01, ****p<000.1.
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Figure S7. ICB and rIL-33 specifically promote the expansion and activation of eosinophils
in mice with mammary tumors, related to Figure 6 and 7. (A) IL-33 levels in serum determined
by Legend Plex of KEP mice at tumor-related endpoint treated as indicated (n=5-8). (B) Eosinophil
gene signature (left) and IL33 gene expression (right) from RNA-seq analysis of metastatic lesions
of TNBC patients treated in the cisplatin arm of the TONIC trial. (C-D) Frequency of indicated
immune cell populations in the blood (C) and primary tumor (D) as determined by flow cytometry
of KEP mice treated as described in Figure 6D-F (n=5-8). (E-F) Frequency of indicated immune cell
populations in the blood (n=8-10) (E) and primary tumor (n=5-7) (F) determined by flow cytometry
of mice bearing orthotopically transplanted KEP tumors in responsive phase of therapy (i.e. tumor
area of 150mm?) and treated as described in Figure 7. Statistical analysis performed by 1-way
ANOVA or Kruskal-Wallis followed by Dunnett's or Dunn’s multiple comparisons test, comparing
each group against control mice, for each immune population. All data are mean +S.E.M., *p<0.05,
**p<0.01, ***p<0.001.

Figure S8. Gating strategy for flow cytometry analysis of human peripheral blood immune
populations, related to STAR Methods. (A) Myeloid panel gating strategy identifying eosinophils
(lineage-, high side scatter, CD66b+, CD16-), neutrophils (lineage-, high side scatter, CD66b+,
CD16+), basophils (lineage-, low side scatter, CD66b-, HLA-DR-, FceRla+), plasmacytoid DCs
(lineage-, low side scatter, CD66b-, HLA-DR+, CD303+, CD123+), CD141high DCs (lineage-, low side
scatter, CD66b-, HLA-DR+, CD33+, CD141+), CD14+ monocytes (lineage-, CD66b-, HLA-DR+, CD33+,
CD14+), CD14dim monocytes (lineage-, CD66b-, HLA-DR+, CD33+, CD14dim, CD16+), CD1c+ DCs
(lineage-, CD66b-, HLA-DR+, CD33+, CD14-, CD16-, CD1c+, FceRla+) and CD1c- DCs (lineage-,
CD66b-, HLA-DR+, CD33+, CD14-, CD16-, CD1c-, FceRla-). (B) T cell panel gating strategy to identify
vd1 gd T cells (CD3+, vd1+, pan gd TCR+), vd2 gd T cells (CD3+, vd2+), CD8 T cells (CD3+, vd1-, pan
gd TCR-, vd2-, CD8+, CD4-), conventional CD4 T cells (CD3+, vd1-, pan gd TCR-, vd2-, CD8-, CD4+,
FoxP3-) and Tregs (CD3+, vd1-, pan gd TCR-, vd2-, CD8-, CD4+, FoxP3+, CD25high). (C) Gating
strategy to identify B cell subsets identifying double negative B cells (CD19+, CD27-, IgD-), naive
B cells (CD19+, CD27-, IgD+), non-switched memory B cells (CD19+, CD27+, IgD+), lgM-only memory
B cells (CD19+, CD27+, IgD-, IgM+), switched memory B cells (CD19+, CD27+, IgD-, IgM-, CD38-/+),
and plasmacells/blasts (CD19+, CD27+, IgD-, IgM-, CD38high). dd 2
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<444 Figure S9. Gating strategy for flow cytometry to identify immune cell populations
in mouse blood and tumor, related to STAR Methods. (A-B) Myeloid panel gating strategy for
blood (A) and tumor (B) samples identifying B cells (CD45+, CD19+, MHC-II+), neutrophils (CD45+,
CD3-, CD19-, CD11b+, Ly6g+), eosinophils (in blood: CD45+, CD3-, CD19-, Ly6g-, CD11b+, SSC-Ahigh,
SiglecF+; in tumor: CD45+, CD3-, CD19-, CD11b+, SiglecF+, F4/80int), Ly6chigh monocytes (CD45+,
CD3-, CD19-, Ly6g-, SiglecF-, CD11b+, Ly6chigh), macrophages (in tumor:, CD45+, CD3-, CD19-,
SiglecF-, Ly6g-, Ly6c-, CD11b+, F4/80high), CD103+ cDCT (in tumor: CD45+, CD3-, CD19-, F4/80-,
CD11c+, MHC-II+ CD11blow, CD103+) and CD11b+ cDC2 (in tumor: CD45+, CD3-, CD19-, F4/80-,
CD11c+, MHC-II+, CD103-, CD11b+).

(C-D) Lymphoid panel gating strategy in blood analyzed unfixed (C) and fixed (D) identifying NK
cells (unfixed: CD45+, CD3-, NKp46+), naive CD8+ T cells (unfixed: CD45+, NKp46-, CD4-, CD3+,
CD8+; CD44-, CD62L+), central memory CD8+ T cells (unfixed: CD45+, NKp46-, CD4-, CD3+, CD8+,
CD44+, CD62L+), effector memory CD8+ T cells (unfixed: CD45+, NKp46-, CD4-, CD3+, CD8+, CD44+,
CD62L-), total CD8+ T cells (fixed: CD45+, CD4-, CD3+, CD8+), naive CD4+ T cells (unfixed: CD45+,
NKp46-, CD8-, CD25-, CD3 +, CD4+, CD44-, CD62L+), memory CD4+ T cells (unfixed: CD45+, NKp46-
, CD8-, CD25-, CD3+, CD4+, CD44+, CD62L+), effector CD4+ T cells (unfixed: CD45+, NKp46-, CD8-
, CD25-, CD3+, CD4+, CD44+, CD62L-), total CD4+ T cells (fixed: CD45+, CD8-, FOXP3-, CD3+, CD4+),
naive Tregs (unfixed: CD45+, NKp46-, CD8-, CD25+, CD3+, CD4+, CD44-, CD62L+), memory Tregs
(unfixed: CD45+, NKp46-, CD8-, CD25+, CD3+, CD4+, CD44+, CD62L+), effector Tregs (unfixed:
CD45+, NKp46-, CD8-, CD25+, CD3+, CD4+, CD44+, CD62L-) and total Tregs (fixed: CD45+, CD8-,
FOXP3+, CD3+, CD4+).
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