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IL-5-producing CD4" T cells and eosinophils
cooperate to enhance response to immune
checkpoint blockade in breast cancer
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In brief

Immunotherapy is only effective in a
proportion of breast cancer patients.
Blomberg et al. discover that eosinophils,
a myeloid immune cell type, are
expanded in responders. They show that
eosinophil accumulation depends on
CD4* T cells and eosinophil-stimulating
molecules IL-5 and IL-33. Eosinophils
enhance activation of CD8* T cells and
improve immunotherapy response.

¢? CellPress


mailto:k.d.visser@nki.�nl
mailto:m.kok@nki.�nl
https://doi.org/10.1016/j.ccell.2022.11.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccell.2022.11.014&domain=pdf

¢ CelPress Cancer Cell

OPEN ACCESS

IL-5-producing CD4" T cells and eosinophils
cooperate to enhance response to immune
checkpoint blockade in breast cancer

Olga S. Blomberg,'-2-%13 Lorenzo Spagnuolo,’-%'2 Hannah Garner,'-212 Leonie Voorwerk,’-' Olga I. Isaeva,’-*14
Ewald van Dyk,'-2*14 Noor Bakker,'-:'4 Myriam Chalabi,>-67 Chris Klaver,' Maxime Duijst,’ Kelly Kersten,-"
Marieke Briiggemann,' Dorien Pastoors,'-212 Cheei-Sing Hau, -2 Kim Vrijland,’-2 Elisabeth A.M. Raeven,'-2
Daphne Kaldenbach,-2 Kevin Kos,'-%° Inna S. Afonina,®-° Paulien Kaptein,> Louisa Hoes,?%7 Willemijn S.M.E. Theelen,'°
Paul Baas,'° Emile E. Voest,>57 Rudi Beyaert,®° Daniela S. Thommen,® Lodewyk F.A. Wessels,>*

Karin E. de Visser,:2:3:15.16.* and Marleen Kok':7:15:*

1Division of Tumor Biology & Immunology, The Netherlands Cancer Institute, Amsterdam, the Netherlands

20ncode Institute, Utrecht, the Netherlands

3Department of Immunology, Leiden University Medical Centre, Leiden, the Netherlands

4Division of Molecular Carcinogenesis, The Netherlands Cancer Institute, Amsterdam, the Netherlands

SDivision of Molecular Oncology & Immunology, The Netherlands Cancer Institute, Amsterdam, the Netherlands

SDepartment of Gastrointestinal Oncology, The Netherlands Cancer Institute, Amsterdam, the Netherlands

“Department of Medical Oncology, The Netherlands Cancer Institute, Amsterdam, the Netherlands

8VIB-UGent Center for Inflammation Research, Ghent University, Ghent, Belgium

9Department of Biomedical Molecular Biology, Ghent University, Ghent, Belgium

10Department of Thoracic Oncology, The Netherlands Cancer Institute, Amsterdam, the Netherlands

11Present address: Department of Pathology, University of California San Francisco, San Francisco, CA, USA

12Present address: Department of Hematology, Erasmus University Medical Center, Rotterdam, the Netherlands

13These authors contributed equally

14These authors contributed equally

15These authors contributed equally

16 ead contact

*Correspondence: k.d.visser@nki.nl (K.E.d.V.), m.kok@nki.nl (M.K.)

https://doi.org/10.1016/j.ccell.2022.11.014

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 intra-
tumoral 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.

INTRODUCTION most breast cancer patients do not benefit from ICB. A better un-

derstanding of the mechanisms that underlie response to ICB is

Immune checkpoint blockade (ICB) has emerged in the last
decade as an effective strategy for the treatment of multiple can-
cer types. However, in metastatic breast cancer, durable re-
sponses are only seen in approximately 5% of the patients and
are mainly limited to triple-negative breast cancer (TNBC)."?
While response rates can be increased by selecting patients
with PD-L1* tumors or by combining ICB with chemotherapy,**

106 Cancer Cell 47, 106-123, January 9, 2023 © 2022 The Authors. Published by Elsevier Inc.

crucial for the rational design of immunomodulatory strategies.

Research into the mechanisms of response to ICB has predom-
inantly 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

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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tissue homeostasis and repair, parasite clearance, and the patho-
physiology 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.’'® Recently, eosinophils have emerged as unex-
pected players in an effective response to ICB. Increased eosino-
phil 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
toward a functional involvement of eosinophils in anti-tumor immu-
nity' "' 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 re-
mains 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 immunosup-
pressive characteristics of human breast cancer.”®?” We un-
cover a critical role for eosinophils during ICB response and
elucidate the mechanisms that lead to systemic eosinophil
expansion and tumor infiltration.

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-dimen-
sional flow cytometry (Figure 1A). We profiled patients with met-
astatic TNBC treated with anti-PD-1 (nivolumab) enrolled in a
phase |l clinical trial (TONIC trial, n = 111, Figures S1A and
S1B; characteristics in Tables S1 and S$2).°® Patients were
treated with nivolumab alone or with nivolumab following a
2-week induction period with either low-dose chemotherapy,
irradiation, or a 2-week waiting period (Figure S1A). Blood sam-
ples were analyzed by flow cytometry at baseline (before induc-
tion treatment), after induction treatment (pre-nivolumab) and af-
ter three cycles of nivolumab (on-nivolumab). Extensive analysis
of individual time points did not reveal predictive immune cell
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populations that could distinguish responders from non-re-
sponders (Figures S1C-S1E). However, when analyzing the dy-
namics of immune cell populations upon ICB treatment by
comparing baseline with on-nivolumab, we identified three
differentially regulated immune cell populations associated
with response: CD1c* dendritic cells (DCs), regulatory T cells
(Tregs), and eosinophils (Figures 1B and S1F). We observed a
decrease in CD1c* DCs in non-responding patients (Figure S2A).
In contrast, eosinophils and T,.gs Were increased upon ICB spe-
cifically in responders (Figures 1C, S2B, and S2C). The same
three populations emerged when we compared the pre-nivolu-
mab (post-induction) with on-nivolumab time points, indicating
that the induction treatments did not significantly change the dy-
namics of these immune populations (Figures S2D-S2F). In light
of recent reports of systemic eosinophil expansion correlating
with ICB response in several tumor types,'®>* we further inves-
tigated 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 hemo-
cytometer analysis (Figure S1B for sample overlap with flow cy-
tometry samples). We confirmed that circulating eosinophils
significantly increase in responders on-nivolumab, compared
with both baseline and pre-nivolumab (Figures 1D and S2G-
S2H). Importantly, patients with increased circulating eosino-
phils upon treatment had longer progression-free survival
(Figures 1E and S2I) and overall survival (Figures 1F and S2J),
underscoring the clinical relevance of an eosinophil increase in
ICB response.

To evaluate whether increased eosinophils during ICB
response extends beyond breast cancer, NSCLC,***®* RCC,**
and melanoma,'®?" we investigated eosinophil counts in pa-
tients 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 (Figures S3A and S3B; PEMBRO-RT trial’®) and in pa-
tients with early-stage mismatch repair-proficient (n-MMR) colon
cancer (CC) (Figures S3C and S3D; NICHE trial®®). No statistically
significant difference in paired eosinophil counts could be seen
upon ICB in patients with mismatch repair-deficient (dMMR)
cancers (Figures S3E and S3G; NICHE trial and dMMR cohort
DRUP trial®>®"), 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
pPMMR CC, emphasizing that systemic eosinophil expansion is
a common feature of ICB response across multiple cancer types.

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 and 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.

(E and 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-ni-
volumab) 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 S1 and S2.
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Figure 2. ICB response in TNBC patients is associated with increased intratumoral eosinophil-related gene expression
(A) Paired intratumoral SIGLEC8 normalized read counts from NanoString 10360 gene expression analysis from pre-nivolumab and on-nivolumab biopsies.
Wilcoxon signed-rank test.

(legend continued on next page)
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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 SIGLECS in paired metasta-
ses obtained at baseline and during nivolumab treatment of
TNBC patients (TONIC trial, NanoString 10360 panel, sample
availability, Figure S1B). SIGLECS8 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 intratu-
moral 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
IFN-y signature,® and a structural CD8" T cell signature consist-
ing 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 (Figures 2C-2H).
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 in-
crease in eosinophil-related genes correlates with increased
CD8" T cell-related genes, suggesting a potential connection be-
tween eosinophils and CD8" T cell activation during an effective
ICB response.

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;Cdh1™F;Trp537F (KEP)
mouse model for de novo mammary tumorigenesis®* (Figure 3A)
and the KEP-based mastectomy model for spontaneous multi-
organ metastatic disease®® (Figures 3B, S4A, and S4B). 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 syner-
gize with ICB in preclinical models®®*” due to their beneficial
immunomodulatory effects,***? in line with improved response
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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 (Fig-
ure 3D). The therapeutic synergy between CIS + ICB was char-
acterized by a systemic increase in effector CD44*CD62L~
T cells and increased expression of activation markers and
cytokines, such as IFN-y and TNF-a, by both CD4* and CD8*
T cells (Figures S4D and S4E). Depletion of CD8" T cells abro-
gated the synergistic effect observed upon CIS + ICB in mam-
mary 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 (Figures 3E-3H). While ICB induced accumulation
of circulating eosinophils (Figures 3E and 3F), increased eosino-
phil infiltration in primary tumors and metastatic lesions was only
observed when ICB was combined with cisplatin (Figures 3G
and H). In addition, 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 stain-
ing for major basic protein (MBP), a granular protein specifically
expressed by eosinophils, confirmed that the increase in eosin-
ophils in primary KEP tumors was only achieved upon CIS + ICB
(Figure S4G).

To evaluate whether treatment with CIS + ICB also influences
the phenotype of eosinophils, we performed RNA sequencing
on eosinophils sorted from blood of metastasis-bearing mice
during the responsive phase of therapy, namely 21 days after
initiation of treatment. We observed 858 differentially ex-
pressed genes (fold change >1 and p < 0.05) in eosinophils
from CIS + ICB-treated mice compared with control anti-
body-treated mice (Figure S4H). Gene set enrichment
analysis identified IFN-y response as the top hit among the
immune-related pathways enriched in eosinophils upon CIS +
ICB (Figures S41-S4J). Other immune-related pathways
included TGF-B signaling, TNF-o. signaling via NF-«B, IL6-
JAK-STATS signaling, and inflammatory response (Figure S4l).
Moreover, we observed enrichment of the oxidative phosphor-
ylation pathway in eosinophils from control antibody-treated
compared with combination-treated mice (Figure S4K). These
observations indicate that, in CIS + ICB-treated mice, eosino-
phils are not only increased in number, but also phenotypically
altered. Collectively, these data demonstrate that ICB syner-
gizes with cisplatin resulting in improved survival and is associ-
ated with systemic and intratumoral expansion of eosinophils,
in line with our clinical observations.

(B) Mean of normalized expression values of eosinophil signature genes from paired biopsies of metastases as assessed by RNA sequencing analysis. Boxplots
display minimum and maximum values (whiskers), interquartile range (box) with median. Wilcoxon signed-rank test.

(C—H) Correlation between the fold change (baseline to on-nivolumab) in an eosinophil gene signature described in (B) and the fold change (baseline to on-ni-
volumab) in a T cell inflamed gene signature (expanded immune gene signature of Ayers et al.*®) (C and D), a structural CD8" T cell gene signature (E and F), or an
IFN-y gene signature® (G and H) in responders (left) and non-responders (right). Lines with colored field represent the regression line with 95% confidence
interval, including histogram and kernel density estimates. Spearman’s correlation coefficient. See also Table S3.
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Figure 3. ICB synergizes with cisplatin and induces eosinophil expansion in mouse models

(A and B) Experimental setup 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 225 mm?. Censored events are mice sacrificed for weight loss (C and D) or local
recurrence of the mastectomized tumor (D). Log rank (Mantel-Cox) test.

(E and F) Frequency of immune cell populations in the blood of KEP mice at tumor-related endpoint (E) or metastasis-bearing mice at metastasis-related endpoint
(F) as determined by flow cytometry.

(legend continued on next page)
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Eosinophil depletion abrogates CD8* T cell activation
and ICB response

To elucidate whether CIS + ICB-induced eosinophilia is critical for
the observed therapeutic benefit, we depleted eosinophils with an
antibody targeting SiglecF.'"'%2%4%41  Anti-SiglecF treatment
effectively depleted eosinophils without altering other immune
cells, including neutrophils (Figures S5A-S5C). In line with the liter-
ature,*? we observed a subset of SiglecF* neutrophils in our tumor
models (5%-20% of intratumoral neutrophils, data not shown).
However, the expression levels of SiglecF on these neutrophils
was lower than on eosinophils (Figure S5D). To exclude the possi-
bility that anti-SiglecF treatment depletes SiglecF* neutrophils, we
quantified Ly6G* (neutrophils) and MBP* (eosinophils) cells by
immunohistochemical staining. The total number of neutrophils
was unaffected by anti-SiglecF treatment, whereas eosinophils
were effectively depleted (Figures S5E and S5F). Importantly, eo-
sinophils were also effectively depleted during anti-SiglecF treat-
ment in combination with cisplatin +/— ICB (Figures 4A and S5G).

The administration of anti-SiglecF alone did not affect KEP tu-
mor 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 (Figures 4B-4D). 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 eosin-
ophils play a role in inducing intratumoral CD8* T cell infiltration
or activation. It was previously shown that eosinophils can pro-
mote T cell activation and recruitment into tumors, ' '+12:18:25:40
and we observed an association between intratumoral eosino-
phils and CD8" T cells in responding patients with advanced
breast cancer (Figures 2C-2H). 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 with 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
IFN-y production (Figures 4G and 4H). These data demonstrate
that eosinophils are essential for increased intratumoral CD8*
T cell activation during CIS + ICB therapy.

In addition, CD4 and FOXP3 cell counts increased upon
cisplatin treatment compared with control, but did not change
further upon CIS + ICB and was independent of eosinophil
presence (Figures S51 and S5J). While CIS + ICB also increased
the intratumoral frequency of effector CD44" CD4" T cells, this
was independent of eosinophils (Figures S5K-S5N), demon-
strating that eosinophils specifically affect intratumoral CD8*
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T cell activation. Interestingly, we also observed a higher fre-
quency of CD44" and IFN-y* CD8" T cells in the TDLN upon
CIS + ICB that was abrogated upon eosinophil depletion (Fig-
ure S50). In contrast, the frequency of CD44" CD4* T cells or
CD44" Tyeqs in TDLN was not increased by combination treat-
ment nor affected by eosinophil depletion (Figures S5P and
S5Q). 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.

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
time points 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
described previously as eosinophil progenitors (Figures 5B and
S6B).** Furthermore, both immature (cKit™CCR3'") and fully
mature (cKit” CCR3*) eosinophils increased in the bone marrow
upon ICB (Figures 5C-5E), while all other hematopoietic progen-
itor and immune cell populations remained unaffected (Fig-
ure 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 expres-
sion of a panel of cytokines in the plasma of metastatic mice.
Strikingly, the only significantly increased cytokine upon ICB
was IL-5 (Figures 5F and S6D), which is a major eosinophil regu-
lator.** 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 interro-
gation of the early immunological response of human tumor tis-
sues upon ex vivo ICB treatment (aPD1 and combined aPD1 +
aCTLA4). Importantly, the observed ex vivo response (defined
as described previously’®“®) 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 expres-
sion specifically in tumors that showed an immunological
response to ex vivo ICB (PDTF-R) compared with non-respond-
ing tumors (PDTF-NR), both upon aPD1 alone and combined
aPD1 + aCTLA4 treatment (Figures 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
(Figures 5H-5J). Importantly, ICB did not promote an eosinophil

(G and 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 + SEM. One-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.
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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 + SEM is displayed.

(B) Individual (light) and average (dark) tumor growth curves of KEP mice treated as indicated.

(C) Average growth curve + SEM of the aforementioned treatment groups. Two-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; CIS + ICB,
same curve as in Figure 3C; CIS + ICB + anti-SiglecF, n = 18, 5 censored). Log rank (Mantel-Cox) test.

(E) Kaplan-Meier survival curves showing metastasis-related survival of mice treated as indicated (CIS + Ctrl Ab, same curve as in Figure 3D; CIS + anti-SiglecF,
n =6, 2 censored, CIS + ICB, same curve as in Figure 3D; CIS + ICB + anti-SiglecF, n = 19, 7 censored). Log rank (Mantel-Cox) test.

(F) Number of tumor-infiltrating CD8* T cells quantified by IHC (n = 5-7 mice per group, average of 5-9 high-power microscopic fields per mouse). KEP mice were
treated as described in Figure 3A and analyzed 21 days after start of treatment or when tumors reached an area of 225 mm?. Mean + SEM, Student’s t test.
(G) Frequency of indicated activation markers expressed on intratumoral CD8* T cells upon different treatments, determined by flow cytometry (n = 4-5). Boxes
represent median and interquartile range; whiskers full range. Two-way ANOVA followed by Tukey’s multiple comparison test.

(H) Data of (G) were normalized to the frequency observed in control mice. Log transformed data are presented. ns, not significant; *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001. See also Figure S5.
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increase after IL-5 blockade in any of the organs analyzed, indi-
cating that ICB-induced eosinophils are IL-5 dependent. In line
with 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 eosino-
phil levels both systemically and intratumorally (Figures 5L and
5M), without affecting other myeloid cells (Figures S6E and S6F).
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). Collec-
tively, these findings demonstrate that IL-5 is a key driver of eosin-
ophil accumulation and therapeutic benefit of CIS + ICB therapy.

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 (ILC2s) and other innate im-
mune cells, such as mast cells and eosinophils.44 To evaluate
whether adaptive or innate immune cells are needed to induce eo-
sinophils upon ICB, we treated KEP tumor-bearing wild-type and
Rag-1-deficient mice, which lack mature B and 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 find-
ings, 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 eo-
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sinophils in bone marrow and blood of metastasis-bearing mice
(Figures 5Q, 5R, and 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 stillinduced a slight but significantincrease
of serum IL-5in CD4* T cell-depleted mice compared with controls
(Figures 5Q and 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
(Figures 5R and S6H). In addition to mature bone marrow eosino-
phils, the frequency of Lin"Sca1~CD34*cKit™CD125*Gr1~ eosin-
ophil 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 eosino-
phil accumulation. Importantly, CD4" T cell depletion also reduced
the number of circulating eosinophils in metastasis-bearing mice
treated with CIS + ICB (Figure S6J), 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 contribu-
tion of T,egs in ICB-induced eosinophilia, we used KEP tumor-
bearing Foxp3°™"C " mice allowing specific depletion of
FOXP3 expressing Tyegs (Figures S6K and S6L)."” Upon T,eg deple-
tion, blood eosinophil numbers during ICB were further increased
compared with T,.g4-proficient mice (Figure S6M), indicating that
Tregs do not facilitate ICB-induced eosinophil expansion, but
hamper ICB-induced eosinophilia.

To address whether CD4* T cells are a source of IL-5 in
TNBC patients, we utilized peripheral blood mononuclear cells

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 Lin"CD127-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 with untreated condition, measured by
LEGENDplex, comparing PDTF-R (responders) and PDTF-NR (non-responders), defined as described previously.*>*® 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 IgG2a 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 (I), and lungs (J) determined by flow cytometry. Lung
eosinophils were defined as CD45*CD11b*Ly6G~SiglecF*F4/80™™.

(K) IL-5 levels in serum of tumor-bearing KEP mice analyzed 21 days after start of the indicated treatments measured by ELISA.

(L and 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 knockout (KO) mice with KEP-derived orthotopic mammary tumors, treated as indicated (Ctrl Ab, WT
n =10, Rag? KO n = 10; ICB, WT = 10, Rag? KO n = 10), analyzed by flow cytometry when tumors reached an area of 144 mm?.

(P) 115 gene expression in CD4"CD25 T cells sorted from blood of metastasis-bearing mice treated as indicated (Ctrl Ab n = 4, ICB n = 4), determined by qRT-
PCR. Relative expression to Ctrl Ab-treated mice is shown.

Q and 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 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 qRT-PCR in CD4* T cells sorted from PBMCs at baseline and after one cycle of nivolumab of 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 with untreated
conditions, measured by intracellular flow cytometry. All data are mean + SEM, statistical analysis by unpaired t test or Mann-Whitney, unless differently indi-
cated. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 000.1. See also Figure S6 and Table S4.
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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 previously (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 are normalized to Ctrl Ab-treated mice. One-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). Mean + SEM, One-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 /L33 in RNA sequencing analysis of paired biopsies from responding (left) and non-responding (right) patients with metastatic TNBC. Graph

characteristics as in Figure 2.

(D and 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 + SEM, 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 the same mice as in Figure 4G. Boxes represent median and interquartile range; whiskers full range. Two-way ANOVA followed by Tukey’s multiple

comparison test.

(G) Average tumor growth size + SEM of KEP mice treated as indicated (CIS + Ctrl Ab n = 23, CIS + ICB n = 32; CIS + ICB + IL33-TRAP n = 12). Mean + SEM,
unpaired t test. ns, not significant; “p < 0.05, **p < 0.01, **p < 0.001, ***p < 000.1. See also Figures S7TA-S7D.

(PBMCs) isolated from patients of the TONIC trial treated with
ICB without induction treatment at baseline and after one cycle
of nivolumab and performed qRT-PCR for IL-5 mRNA in sorted
CD4* T cells. Five out of six patients had an increase in IL-5 tran-
script in CD4* T cells upon nivolumab treatment compared with
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 h and
analyzed 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), demon-
strating 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 contri-

116 Cancer Cell 47, 106-123, January 9, 2023

bution to therapeutic benefit was only observed upon CIS + ICB
combination therapy in our preclinical 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 (Figures 6B and 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
(Figures 6B, S7A, and S7B). IL-33 is an alarmin that amplifies im-
mune responses during inflammation.*® IL-33 directly promotes
eosinophil activation, adhesion, and survival,*>*° and IL-33
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contributes to several eosinophilic disorders.®’ In the cancer
context, IL-33 has been associated with both pro- and anti-tumor
functions.'*>% To assess the functional role of IL-33 in intratu-
moral 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 sys-
temic 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
(Figures 6F, S7C, and S7D), phenocopying the effect of eosino-
phil depletion (Figure 4). Importantly, IL-33-TRAP blocked the
therapeutic benefit provided by CIS + ICB (Figure 6G). In sum-
mary, these data demonstrate that IL-33 is required for eosinophil
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Figure 7. rIL-33 therapy engages eosino-
phils 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 + rlL-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 +
SEM, t test.

(D) Frequency of indicated activation markers ex-
pressed on intratumoral CD8" T cells in the
responsive phase of therapy, determined by flow
cytometry (n = 5-7). Boxes represent median and
interquartile range; whiskers full range. Two-way
ANOVA followed by Tukey’s multiple comparison
test.

(E) Area under the curve (AUC) of growth curves
was determined up to day 14 after start of treat-
ment. Mean + SEM, one-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 Figures S7E and S7F.

Tumor eosinophils
*

infiltration in the tumor, CD8* T cell activa-
tion, and therapeutic benefit observed
upon ICS + ICB. These preclinical findings
are supported by our clinical observation
that increased intratumoral eosinophil
infiltration is strongly correlated with IL-
33 expression as well as to CD8* T cells
in the TME of TNBC patients responding
to ICB (Figures 2C-2H and 6C).

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 (rlL-33) might represent a viable strategy to enhance the
therapeutic benefit of ICB in breast cancer in the absence of
chemotherapy. Treatment of mice bearing orthotopically trans-
planted 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
(Figures 7A-7C). However, only the combination of ICB and
rlL-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
(Figures S7E and S7F). Importantly, IL-33-mediated engage-
ment of eosinophils during ICB and the resulting CD8" T cell
activation was accompanied by improved tumor control and
extension of survival (Figures 7E and 7F). Collectively, these
data provide proof-of-principle that rlL-33 can engage eosino-
phils and represents a viable strategy to enhance response to
ICB in breast cancer.
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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 rele-
vant 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. Here, we show that an
ICB-induced increase in systemic IL-5, driven by CD4" T cells,
pushes myelopoiesis toward 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 pathophys-
iology 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 pa-
tients 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 accumula-
tion in cancer patients and preclinical models.

Although neutrophils and basophils also derive from common
myeloid progenitors, 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.*® IL-33
is also implicated in eosinophil development, capable of
inducing IL-5 and upregulating IL-5Ra. on eosinophil progeni-
tors.®® Interestingly, we observe that ICB, in the absence of
chemotherapy, increases IL-5 expression but not IL-33, indi-
cating 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 produc-
tion 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 recruit-
ment, as has been shown for eosinophils in inflammatory dis-
eases,’?*° 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 suffi-
cient 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
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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 re-
mains to be elucidated. For example, in patients, the net-biolog-
ical effect of IL-33 is influenced by levels of soluble ST2 (also
known as ILTRL1), 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 identi-
fied 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 rlL-33 and ICB has been studied in high-
ly 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 repre-
sents an attractive engager of eosinophils in breast cancer
patients during ICB. However, IL-33 is reported to have pleio-
tropic functions.®” The systemic administration of rlL-33, as per-
formed 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 immuno-
modulatory properties of cisplatin.?®®® Further studies are
needed to evaluate whether IL-33 in combination with ICB
could be used to specifically engage eosinophils in patients,
for instance, by local IL-833 administration, although, in the
context of multi-organ metastatic disease, local administration
of rIL-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 land-
scape.6 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 find-
ings in mouse models, we observed that increased expression of
an eosinophil gene signature correlated with increased CD8*
T cell and IFN-y 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 mela-
noma patients.'® It remains to be determined whether eosino-
phils exert this function directly, for example, by producing
T cell-stimulating cytokines or chemokines, or indirectly via acti-
vation of, for instance, DCs, as has been described during
allergic inflammation.”®~"?

In our study, the treatment of mice and patients differed. In our
mouse models cisplatin and dual ICB was needed to induce re-
sponses, 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
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our observation that response to ICB leads to eosinophil
accumulation in several cancer types and by a recent small se-
ries of 14 TNBC patients in which an eosinophil increase was
observed upon response to anti-PD-L1 and paclitaxel.”® In
addition, 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. More-
over, 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.'®?* 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, eosino-
phil expansion was not restricted to responders, but was also
observed in a proportion of non-responders as previously re-
ported, limiting its potential for clinical decision making.'®>*
Therefore, increased 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 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 mechanisms of ICB
response. Our findings emphasize that successful anti-tumor im-
mune responses are not only reliant on T cells, but that crosstalk
with myeloid cells is critical for an effective response to ICB,
providing avenues for future research in immuno-oncology.
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anti-mouse CD3e, APC-eFluor780 (clone 500A2)
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anti-mouse CD62L, APC-eF780 (clone MEL-14)
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anti-human CD14, BUV737 (clone M5E2)
anti-human CD141, BV711 (clone 1A4)
anti-human CD16, BUV496 (clone 3G8)
anti-human CD161, PE-Cy5 (clone DX12)
anti-human CD19, PE-Cy5 (clone HIB19)
anti-human CD19, BUV395 (clone SJ25C1)
anti-human CD1c, PE Cy7 (clone L161)
anti-human CD1d, BV786 (clone 42.1)
anti-human CD20, BUV805 (clone 2H7)
anti-human CD24, BB515 (clone ML5)
anti-human CD25, AF647 (clone BC96)
anti-human CD27, PE (clone M-T271)
anti-human CD3, PE-Cy5 (clone UCHT1)
anti-human CD303, APC-vio770 (clone REA693)
anti-human CD33, PerCP-Cy5.5 (clone WM53)

eBioscience/ThermoFisher
eBioscience/ThermoFisher
eBioscience/ThermoFisher
BD Biosciences
eBioscience/ThermoFisher
eBioscience/ThermoFisher
BD Biosciences

BD Biosciences
eBioscience/ThermoFisher
BioLegend
eBioscience/ThermoFisher
BioLegend

BD Biosciences
eBioscience/ThermoFisher
BioLegend

BioLegend

BD Biosciences
eBioscience/ThermoFisher
BioLegend
eBioscience/ThermoFisher
eBioscience/ThermoFisher
BioLegend

BD Biosciences

BD Biosciences
BioLegend

BioLegend

BioLegend

BioLegend

BD Biosciences

BD Biosciences
BioLegend

BioLegend

BioLegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences
BioLegend

BD Biosciences

BD Biosciences

BD Biosciences
BioLegend

BD Biosciences

BD Biosciences

Miltenyi Biotech
BioLegend

Cat# 17-0081-82; RRID: AB_469335
Cat# 11-0081-85; RRID: AB_464916
Cat# 46-0081-82; RRID: AB_1834433
Cat# 563146; RRID: AB_2738028
Cat# 25-1171-82; RRID: AB_469644
Cat# 12-1522-82; RRID: AB_465879
Cat# 741979; RRID: AB_2871282
Cat# 565614; RRID: AB_2739304
Cat# 48-4801-82; RRID: AB_1548747
Cat# 320014; RRID: AB_439750
Cat# 11-5321-82; RRID: AB_465232
Cat# 505826; RRID: AB_2295770
Cat# 563756; RRID: AB_2732007
Cat# 48-5932-82; RRID: AB_10805519
Cat# 128033; RRID: AB_2562351
Cat# 127622; RRID: AB_10643269
Cat# 551461; RRID: AB_394208

Cat# 11-3351-82; RRID: AB_1210843
Cat# 137610; RRID: AB_10641137
Cat# 25-9985-82; RRID: AB_10853805
Cat# 12-5982-82; RRID: AB_466089

Cat# 108139; RRID:
Cat# 740388; RRID:
Cat# 562068; RRID:
Cat# 116228; RRID:
Cat# 119723; RRID:
Cat# 506338; RRID:
Cat# 504303; RRID:
Cat# 565867; RRID:
Cat# 563509; RRID:
Cat# 301644; RRID:
Cat# 396604; RRID:
Cat# 563184; RRID:
Cat# 612763; RRID:
Cat# 563155; RRID:
Cat# 612944; RRID:
Cat# 551138; RRID:
Cat# 555414; RRID:
Cat# 563549; RRID:
Cat# 331516; RRID:
Cat# 743608; RRID:
Cat# 612905; RRID:
Cat# 564521; RRID:
Cat# 302618; RRID:
Cat# 555441; RRID:
Cat# 555334; RRID:

AB_2565957
AB_2740118
AB_10896143
AB_893636
AB_2616908
AB_2562918
AB_315327
AB_2744304
AB_2738247
AB_2565779
AB_2801081
AB_2738054
AB_2870094
AB_2738033
AB_2870224
AB_394068
AB_395814
AB_2738272
AB_2275574
AB_2741620
AB_2870192
AB_2738834
AB_493045
AB_395834
AB_395741

Cat# 130-114-178; RRID: AB_2726482

Cat# 303414; RRID:
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anti-human CD34, FITC (clone 581)
anti-human CD38, BUV737 (clone HIT2)
anti-human CD3e, BUV496 (clone UCHT1)
anti-human CD4, BV421 (clone RPA-T4)
anti-human CD41a, BUV395 (clone HIP8)
anti-human CD45RA, BUV737 (clone HI100)

anti-human CD5, PE-Dazzle594 (clone L17F12)

anti-human CD56, PE-Cy5 (clone B159)
anti-human CD66b, AF647 (clone G10F5)
anti-human CD8, BUV805 (clone SK1)

anti-human cKIT/CD117, PE-Cy5.5 (clone 104D2)

anti-human CTLA-4, PE-CF594 (clone BNI3)

anti-human FceRla, PE-Dazzle594
(clone AER-37(CRA-1))

anti-human FoxP3, PE-Cy5.5 (clone FJK-16s)
anti-human HLA-DR, BUV661 (clone G46-6)
anti-mouse CD8 (clone 4SM15)

anti-mouse CD4 (clone 4SM95)

anti-mouse Foxp3 (clone FJK-16s)
anti-mouse Ly6G (clone 1A8)

anti-mouse MBP (clone MT-14.7.3)
Goat-anti-Rat IgG (clone 3052-08)
Purified anti-human CD83 (clone OKT3)
Anti-human CD28 (clone CD28.2)

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
Thermofisher
BD Biosciences

BioLegend

eBioscience/Thermofisher
BD Biosciences
eBioscience/ThermoFisher
eBioscience/ThermoFisher
eBioscience/ThermoFisher
BD Biosciences

Lee Laboratory, Mayo Clinic
Southern Biotech
Biolegend
eBioscience/ThermoFisher

Cat# 555821; RRID: AB_396150
Cat# 741837; RRID: AB_2871172
Cat# 612940; RRID: AB_2870222
Cat# 562424; RRID: AB_11154417
Cat# 740295; RRID: AB_2740034
Cat# 612846; RRID: AB_2870168
Cat# 364012; RRID:

Cat# 555517; RRID: AB_395907
Cat# 561645; RRID: AB_10894001
Cat# 612754; RRID: AB_2870085
Cat# CD11718; RRID: AB_2536477
Cat# 562742; RRID: AB_2737761
Cat# 334634; RRID: AB_2571906

Cat# 35-5773-82; RRID: AB_11218094
Cat# 612980; RRID: AB_2870252
Cat# 14-0808-82; RRID: AB_2572861
Cat# 14-9766-82; RRID: AB_2573008
Cat# 14-5773-82; RRID: AB_467576

Cat# 551459;
RRID: AB_394206

N/A

Cat# 3052-08; RRID: AB_2795846
Cat# 317350

Cat# 16-0289-85

Anti-PD1 (Nivolumab) Bristol-Myers Squibb N/A

Anti-CTLA4 (Ipilimumab) Bristol-Myers Squibb N/A

Biological samples

KEP tumor fragments This paper N/A

Human blood samples from metastatic This paper https://clinicaltrials.gov/ct2/show/

TNBC patients

Biopsies of metastatic lesions from
metastatic TNBC patients

Human blood data from early-stage
colon cancer patients

Human blood data from metastatic
NSCLC patients, acquired from

Human blood data from metastatic
dMMR cancer patients

Patient-derived tumor fragment data

This paper/Netherlands
Cancer Institute

Acquired from principle
investigators of NICHE-trial,
Netherlands Cancer Institute

Acquired from principle
investigators of PEMBRO-RT
-trial, Netherlands Cancer Institute

Acquired from principle investigators
of DRUP-trial, Netherlands Cancer
Institute

Acquired from principle investigators
of PDTF-platform, Netherlands
Cancer Institute

NCT02499367

https://clinicaltrials.gov/ct2/show/
NCT02499367
https://www.nature.com/articles/
s41591-019-0432-4

https://clinicaltrials.gov/ct2/show/
NCT03026140
https://www.nature.com/articles/
s41591-020-0805-8

https://clinicaltrials.gov/ct2/show/
NCT02492568
https://jamanetwork.com/journals/
jamaoncology/fullarticle/2738064
https://clinicaltrials.gov/ct2/show/
NCT02925234
https://www.nature.com/articles/
s41586-019-1600-x
https://www.nature.com/articles/
s41591-021-01398-3
https://www.science.org/doi/10.1126/
scitransimed.abj9779
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Chemical, peptides, and recombinant proteins

IL-33TRAP-C-murine Gift from R. Beyaert, VIB/UGent N/A
Recombinant Mouse IL-33 BioLegend Cat# 580504

Diphtheria Toxin from Corynebacterium
diphtheriae

7-AAD Viability Staining solution
lonomycin (calcium salt from Streptomyces
conglobatus)

Phorbol 12-myristate 13-acetate (PMA)
UltraComp eBeads

DNAse |

Collagenase A

Collagenase IV

Liberase TL Research Grade

RLT Buffer

GolgiPlug

BD Birilliant stain buffer

Sigma-Aldrich

Thermofisher
Sigma

Sigma
eBioscience
Invitrogen
Roche

Sigma

Roche

Qiagen

BD Bioscience
BD Bioscience

Cat# D0564-1MG

Cat# 00-6993-50
Cat# 10634-1mg

Cat# P1585-1MG
Cat# 01-2222-42
Cat# 18068-015
Cat# 11088793001
Cat# C5138-100MG
Cat# 5401020001
Cat# 79216

Cati# 555029

Cat# 563794

Human FcR Blocking Reagent Miltenyi Cat# 130-059-901
Critical commercial assays

LEGENDplex™ custom mouse panel BioLegend N/A

ELISA MAX™ Standard Set Mouse IL-5 BioLegend Cat# 431201
Fixable Viability Dye eFluor™ 780 eBioscience Cat# 65-0865-18
Zombie Red Fixable Viability Kit BioLegend Cat# 423109
Foxp3/Transcription Factor Staining Buffer Set Thermofisher Cat# 00-5523-00

High-capacity cDNA reverse transcription kit

Applied Biosystems

Cat# 4368814

SensiFAST SYBR No-ROX kit Bioline Cat# BIO-98020
RNeasy Micro Kit Qiagen Cat# 74004
Deposited data

RNAseq data mouse eosinophils This paper GEO: GSE210895

(raw and processed data)

RNAseq data of tumor biopsies of
TNBC patients treated in the TONIC
trial stage |

RNAseq data of tumor biopsies of
TNBC patients treated in the TONIC
trial stage Il

NanoString data of tumor biopsies
of TNBC patients treated in the
TONIC trial stage |

Netherlands Cancer Institute

Netherlands Cancer Institute

Netherlands Cancer Institute

EGA: EGAS0001003535
https://www.nature.com/articles/
s41591-019-0432-4

Deposit in EGA pending. Available

upon request from corresponding author

Available upon request from
corresponding author

Experimental models: organisms/strains

Mus musculus: Strain: Wild-type FVB/N Janvier Laboratories N/A
Mus musculus: Strain: K14-cre; Netherlands Cancer Institute N/A
Cdh1™F;Trp537F (FVB/N)

Mus musculus: Strain: Ffag-1‘/ ~ (FVB/N) Gift from L. Coussens N/A
Mus musculus: Strain: Cdh1™F; Netherlands Cancer Institute N/A
Trp53 F/F;Foxp3°FP-PTR (FVB/N)

Oligonucleotides

TGGGGGTACTGTGGAAATGC Integrated DNA Technologies N/A
(mouse IL-5 FW 1)

CCACACTTCTCT TGGCGG Integrated DNA Technologies N/A

(mouse IL-5 RV1)

(Continued on next page)
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CAAGCAATGAGACGATGAGGC Integrated DNA Technologies N/A
(mouse IL-5 FW 2)

AGCATTTCCACAGTACCCCC Integrated DNA Technologies N/A
(mouse IL-5 RV 2)

AGGTCGGTGTGAACGGATTTG Integrated DNA Technologies N/A
(mouse GAPDH FW)

TGTAGACCATGTAGTTGAGGTCA Integrated DNA Technologies N/A
(mouse GAPDH RV)

TGGAGCTGCCTACGTGTATG Integrated DNA Technologies N/A
(human IL-5 FW)

TTCGATGAGTAGAAAGCAGTGC Integrated DNA Technologies N/A
(human IL-5 RV)

GGAGCGAGATCCCTCCAAAAT Integrated DNA Technologies N/A
(human GAPDH FW)

GGCTGTTGTCATACTTCTCATGG Integrated DNA Technologies N/A

(human GAPDH RV)

Software and algorithms

FlowJo v10.6.2

GraphPad Prism v8.4.3

SPSS Statistics v24

LEGENDplex™ Data Analysis
Software Suite

GSEA v4.0.3

Qlucore Omics Explorer
Hisat2

STAR v2.7.1a

Deseq2 v1.24.0

Python v3.7.6

Pandas v1.0.1

NumPy v1.18.1
Matplotlib v3.1.3

Seaborn v0.10.0
Statannot v0.2.2

Ggplot2 v3.3.5

Ggpubr v0.4.0

BD Biosciences

GraphPad/Dotmatics

IBM

BioLegend

Broad Institute

Qlucore

Kim et al, Nature Biotechnology, 2019

Dobin et al., Bioinformatics 20137°

Love et al, Genome Biology 2014%°

Python

McKinney, 2010
Pandas, 2020°"

Harris et al., Nature 2020%°

Hunter et al., Computing in Science
and Engineering 2007°*

Waskom et al., 2017%°
Weber, 2020°°

Wickham, ggplot2: Elegant
Graphics for Data Analysis 2016°°

Kassambara, ggpubr: ‘ggplot2’

https://www.flowjo.com/
solutions/flowjo
https://www.graphpad.com/
scientific-software/prism/

https://www.ibm.com/support/
pages/downloading-ibm-spss-
statistics-24
https://www.biolegend.com/
en-us/legendplex/software
https://www.gsea-msigdb.
org/gsea/index.jsp
https://qlucore.com/omics-
explorer
http://daehwankimlab.github.
io/hisat2/
https://github.com/alexdobin/
STAR

https://bioconductor.org/
packages/release/bioc/
html/DESeq2.html

https://www.python.org/
downloads/release/
python-376/

https://pandas.pydata.org/

https://numpy.org/
https://matplotlib.org/

https://seaborn.pydata.org/

https://github.com/webermarcolivier/

statannot
https://github.com/tidyverse/
ggplot2
https://github.com/kassambara/

Based Publication Ready Plots, 2020%* ggpubr
(Continued on next page)
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Ggrepel v0.9.1

Reshape2 v1.4.4

Dplyr v1.0.8

Purrr v0.3.4

Heatmap3 v1.1.9

Ggbeeswarm v0.6.0

Slowikowski, ggrepel: Automatically
Position Non-Overlapping Text
Labels with ‘ggplot2’, 2021%°

Wickham, Reshaping Data with

the {reshape} Package, 2007°°
Wickham et al., dplyr: A Grammar
of Data Manipulation, 2022°"

Henry et al., purrr: Functional
Programming Tools, 2020%°

Zhao et al., heatmap3: An Improved
Heatmap Package, 2021%°

Clarke et al., ggbeeswarm: Categorical

Scatter (Violin Point) Plots, 2017'°

https://CRAN.R-project.org/
package=ggrepel

http://www.jstatsoft.org/v21/i12/

https://CRAN.R-project.org/
package=dplyr
https://CRAN.R-project.org/
package=purrr
https://CRAN.R-project.org/
package=heatmap3
https://CRAN.R-project.org/
package=ggbeeswarm

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

o 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;Cdh1™:Trp53F (KEP) model for primary mammary tumorigenesis®* (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.?®?” Female KEP mice were monitored twice per week for spontaneous tumor formation by palpation start-
ing at the age of 3.5 months. KEP mice develop palpable tumors between 6 and 8 months of age.®* 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. Rag? k.o. in FVB/N genetic background were a gift from L. Coussens.”* Cdh1F;
Trp53 FF:Foxp3P™CFF mice’® in FVB background were generated by the 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.?®" All patients included in stage 1°® 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.”® 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
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patients (sample availability in Table S2 and Figure S1B). Progression-free survival was measured as time between date of random-
ization 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 pem-
brolizumab with or without upfront radiation.>® To investigate eosinophil dynamics in patients with metastatic dMMR 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).%" Finally, patients with early-stage
colon cancer (either AIMMR (n = 21) or pMMR (n = 17)) were treated in the NICHE-trial, in which patients are treated with neo-adjuvant
ipilimumab (1 mg/kg) and nivolumab (3 mg/kg), with or without additional celecoxib in pMMR patients (NCT03026140).°° In the pa-
tients 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 RECIST1.1.7® 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.

METHOD DETAILS

Preclinical intervention studies

In the spontaneous KEP model, all treatments started when tumor area reached 50 mm?. For the KEP-based orthotopic mammary
tumor model, mammary tumor pieces of 1 mm? 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 mm?. For the survival experiments
and endpoint analysis mice were sacrificed when the cumulative tumor burden reached 225 mm?. 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 mam-
mary tumor model. Cisplatin (Accord Healthcare Limited) was injected intravenously once every two weeks at 5 mg/kg, for a
maximum of 4 cycles. Anti-mouse PD-1 (RMP1-14, BioXCell), anti-mouse CTLA-4 (9D9, BioXCell) or control (2A3, BioXCell) anti-
bodies were each given intraperitoneally at 100 png per mouse, twice per week. Anti-CD8 (2.43, BioXCell) or anti-CD4 (GK1.5,
BioXCell) antibody were given intraperitoneally at 200 pg per mouse, twice per week. Anti-mouse SiglecF (238047, R&D systems)
and control antibody (2A3, BioXCell) were administered intraperitoneally at 20 ug per mouse, three times a week. Anti-IL-5
(TRFKS5, BioXCell) and control antibody (HRPN, BioXCell) were given intraperitoneally at 500 ug per mouse, twice per week. Recom-
binant mouse IL-33 (Biolegend) was given intraperitoneally at 0.4 ug per mouse, three times a week. IL-33-TRAP (provided by Rudi
Beyaert laboratory, VIB, Belgium) was given intraperitoneally at 50 ug per mouse daily. For the T4 depletion in Foxp3-GFP-DTR
mice, DT (Diptheria toxin from Corynebacterium diphteriae) was given intraperitoneally at 25 pg/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 1mm? size derived from KEP mice were orthotopically transplanted into the
mammary glands. Mammary tumors were surgically removed when they reached the size of 100 mmZ. 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 treat-
ments 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 225 mm?. 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 inice-cold PBS. Blood was with-
drawn 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 Engineering) and enzymatically
digested at 37°C in DMEM medium containing 3 mg/mL collagenase type A (Roche) plus 25 pg/mL of DNase | (Sigma) for 45 min or
in 100 pg/mL Liberase TM (Roche) for 30 min, respectively. Half of the lymph nodes and spleen were enzymatically digested in
RPMI medium containing 3 mg/mL collagenase type IV (ThermoFisher Scientific), 2 mM CaCl,, 2% FCS and 25 pg/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 70 um filter and resuspended in PBS containing 0.5% BSA (Roche) and 2 mM 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 pro-
cessed and analyzed within 24 h. Red blood cells were lysed (lysis buffer: dH,O, NH4CIl, NaHCCOg3, EDTA) and cells were resus-
pended in PBS containing 0.5% BSA and 2 mM EDTA. To obtain absolute white blood cell counts per mL of human blood, the total
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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 50 ng/mL PMA, 1 uM ionomycin and Golgi-Plug (1:1000; BD)
for 3 h at 37°C in IMDM medium supplemented with 8% FCS, 100 IU/mL Penicillin-Streptomycin (Roche) and 0.5% B-mercaptoe-
thanol. 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 stain-
ing 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 FlowdJo software version 10.6.2. All used flow cytometry antibodies can be found in key resources
table. Gating strategies are displayed in Figures S8 and S9.

Immunohistochemistry

KEP tumors were fixed for 24 h in 10% neutral buffered formalin, embedded in paraffin and sectioned at 4 um. CD4, CD8, FOXP3 and
Ly6G stainings were performed by the Experimental 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,O, 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 incu-
bated 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'®* SSCM'S" F4/80*) were sorted from the blood in RLT
buffer containing 1% B-ME, using a BD FACSAria™ Fusion Cell Sorter. RNA was isolated following RNeasy Mini Kit (Qiagen) proto-
col, 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-spe-
cific reads (65 bp 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 enrich-
ment 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_Re-
mapping_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 ng 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 detec-
tion kit (BioLegend) was used, according to manufacturer instructions.

Routine eosinophil counts in patient cohorts
Eosinophil counts were measured with an XN-2000 Hematology Analyzer of Sysmex at the diagnostic Clinical Chemistry Depart-
ment. 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.?® 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). mMRNA expression was measured with the nCounter technology provided by
NanoString Technologies as previously described.?® 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).
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RNA-sequencing on patient tumor biopsies

The RNA-sequencing data was aligned to the reference genome GRCh38 with STAR (version 2.7.1 a)79 with two-pass mode option
set to “Basic”. For comparison between patients, a median of ratios normalization was performed with Deseg2 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 1.0.1,5"%2) and NumPy (version 1.18.1,%° 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 S3.87°? 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-ni-
volumab) was available for 48 patients, included in both stages of the trial.

RT-gPCR

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 —(ACt.x — average(ACt.control))

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 0.5 ng/mL plate bound anti-CD3 (OKT3, BioLegend) and 2 ng/mL anti-
CD28 (28.2, eBioscience) for 48 h. Anti-PD1 (Nivolumab,10 png/mL) was added where indicated. GolgiPlug was added to each
well for the final 4 h 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 char-
acteristics were described previously for samples stimulated with aPD-1 & aCTLA-4"° and listed in Table S4 for samples stim-
ulated with aPD-1. Definition of responder and non-responder PDTFs were described previously.“‘:"46 Samples were cut in frag-
ments of 1-2 mm® 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 ug/mL or anti-PD-1 plus anti-
CTLA4 (ipilimumab, Bristol-Myers Squibb) at 10 ug/mL where indicated. After 48 h of culture at 37°C, supernatants were
collected and IL-5 levels were measured using the LEGENDplex Human Th Cytokine (BioLegend), according to the manufac-
turer’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
(Figures S1C-S1F), 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 dy-
namics 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 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 two-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 per-
formed a Shapiro-Wilk normality test on the regression residue to see if the normality assumption was violated.
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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 hemo-
cytometer 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 procedures and key resources table.

Cancer Cell 41, 106-123.e1-e10, January 9, 2023 e10




	IL-5-producing CD4+ T cells and eosinophils cooperate to enhance response to immune checkpoint blockade in breast cancer
	Introduction
	Results
	Increase in circulating eosinophils in patients responding to ICB
	Increase of intratumoral eosinophil-related gene expression correlates with response to ICB and increased CD8+ T cell signa ...
	ICB synergizes with cisplatin and induces eosinophil accumulation in spontaneous primary and metastatic breast cancer models
	Eosinophil depletion abrogates CD8+ T cell activation and ICB response
	IL-5 is required for ICB-induced eosinophil accumulation and therapeutic benefit
	IL-5-producing CD4+ T cells drive eosinophil production and systemic expansion upon ICB
	IL-33 drives eosinophil recruitment to the TME and is required for the therapeutic benefit of CIS + ICB
	Recombinant IL-33 engages eosinophils and enhances response to ICB

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Preclinical models
	Clinical trial procedures

	Method details
	Preclinical intervention studies
	Flow cytometry analysis
	Immunohistochemistry
	RNA-sequencing of mouse eosinophils
	Cytokine analysis
	Routine eosinophil counts in patient cohorts
	RNA extraction and NanoString gene expression analysis
	RNA-sequencing on patient tumor biopsies
	RT-qPCR
	Human PBMC stimulation
	PDTF culture and stimulation

	Quantifications and statistical analysis
	Additional resources



