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Breast cancer is the most common cancer in women worldwide1 and encompasses 
a heterogenous disease2. Besides the patient’s clinical stage, assessment of tumor 
characteristics such as hormone receptor expression, molecular phenotype, 
histological subtype and immunological features of the tumor microenvironment 
are vital to assess prognosis and aid clinical decision making in breast cancer3. 

Molecular subtypes of breast cancer

The expression of hormone receptors and amplification of Human Epidermal 
growth factor receptor 2 (HER2) are the main determinants of clinical behavior 
and molecular features of breast cancers. Expression of the Estrogen Receptor 
(ER) is common in approximately 70-80% of breast cancers3, and patients with ER-
positive breast cancer have the best prognosis as compared to other subtypes4. 
The generally used cut-off for ER positivity is ≥1%, with some countries such 
as the Netherlands using ≥10%5, based on response to endocrine treatment6,7. 
Breast cancers with ER expression usually express Progesterone Receptor (PR) as 
well7 and patients with breast tumors with negative or low PR expression have 
a worse prognosis as compared to patients with high PR expression8. Endocrine 
treatment remains the cornerstone of treatment of patients with early-stage and 
metastatic ER-positive breast cancer, with the addition of CDK4/6 inhibitors to 
palliative endocrine therapy being a major breakthrough in recent years9. Using 
molecular classification based on gene expression (PAM5010,11), ER-positive breast 
cancers with low proliferation can most often be classified as luminal A and ER-
positive breast cancers with a high proliferation rate are usually of the luminal B 
subtype3 (Figure 1). Approximately 10-20% of patients have HER2-positive breast 
cancer, with amplification of the HER2 gene, which can be either ER-positive or 
negative12. The HER2-positive subgroup can be treated with targeted agents and 
while the field of HER2-positive breast cancer is rapidly evolving13, this breast 
cancer subtype will not be covered in this thesis. Triple-negative breast cancer 
(TNBC) comprises approximately 10-20% of all breast tumors and is characterized 
by the lack of expression of estrogen receptor (ER), progesterone receptor (PR) and 
amplification of HER214,15. Until very recently, no targeted treatment options were 
available for patients with TNBC16, with TNBC patients having a median survival of 
only 12-18 months in the metastatic setting17,18. In recent years, new treatment 
options emerged for TNBC, with the (upcoming) approval of the antibody-drug 
conjugates (ADC) sacituzumab govitecan19 and trastuzumab deruxtecan (with low 
HER2 expression)20 for patients with metastatic TNBC and pembrolizumab (PD-1 
blockade) plus chemotherapy for both patients with early-stage TNBC21 and with 
PD-L1 positive metastatic TNBC22. Additionally, for patients with a germline BRCA 
mutation, most common among patients with TNBC, the PARP inhibitor olaparib 
will soon be available in the adjuvant setting23 and can already be used as palliative 
treatment24. TNBCs are usually highly proliferative and basal-like, comprising the 
group with the most aggressive features16 (Figure 1). 
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Figure 1: Relation of PAM50 molecular subtypes10 receptor expression25,26, proliferation rate and T-cell 
infiltration27,28. Figure created with Biorender.com

Histological subtypes of breast cancer

The tissue origin of the invasive breast tumor is also a major determinant of clinical 
behavior. The most common histological subtype is breast cancer of no special 
type (NST), which comprises approximately 70-75% of all breast tumors3. Invasive 
lobular breast cancer (ILC) is the most common special histological subtype29, 
originates from the breast lobes and is common in 10-20% of all breast tumors30,31. 
ILC has different molecular alterations compared to NST and is characterized by 
the loss of function of E-cadherin, causing its typical growth pattern and preferred 
metastatic spread to the bone and gastro-intestinal tract31-33. A subset of ILCs can be 
characterized as immune-related with high lymphocytic infiltration and expression 
of immune-related genes34-36. Patients with metastatic ER-positive ILC have worse 
overall survival as compared to patients with metastatic ER-positive NST37. The 
clinical features of ILC, such as the lack of measurable disease, makes this subtype 
challenging to study and ILC patients are therefore often underrepresented in 
clinical trials38. ILC-specific clinical trials are ongoing32, and in chapter 4 of this 
thesis, we report the results of the first ILC-specific clinical trial.

The immune system in breast cancer

In the past, breast cancer has been considered an immunologically cold cancer 
type with little immune cell infiltration. However, it has become clear that a subset 
of breast cancers is highly inflamed10,39-41 with complex crosstalk in the tumor 
microenvironment (TME) between myeloid cells, lymphoid cells, regulatory immune 
cells, tumor cells and cancer-associated fibroblasts (CAFs)42,43. Immunosuppressive 
mechanisms hampering an effective immune response in cancer include the 
upregulation of immune checkpoints, such as programmed death-ligand 1 (PD-L1) 
and a shifted balance towards relatively high levels of tumor-infiltrating myeloid 
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cells and low levels of effector immune cells44. Immune checkpoint blockade (ICB), 
in the form of PD-(L)1 inhibition, can interrupt the immunosuppressive interaction 
between PD-L1 expressing tumor cells or immune cells (primarily antigen-presenting 
cells) and PD-1 expressing T cells45. For an effective reinvigorated immune response 
upon ICB, infiltration of CD8+ T cells in the TME is needed with intact interferon 
signaling and proper functioning antigen-presenting machinery in tumor cells46. In 
breast cancer, immunosuppressive cells, such as tumor-associated macrophages, 
can negatively affect CD8+ T-cell infiltration and activation47,48. Additionally, 
relatively low levels of tumor mutations are observed in breast cancer, limiting the 
number of neo-antigens arising from these mutations and thus potentially reducing 
the chances of an effective tumor- or neoantigen-specific CD8+ T-cell response49,50. 

As a read-out for the immune infiltrate in breast tumors, stromal tumor-infiltrating 
lymphocytes (sTILs) levels, comprising all T cells, B cells and plasma cells 
infiltrating the tumor-associated stroma, can be assessed51. Relatively high levels 
of sTILs are observed in patients with TNBC, as compared to the other breast 
cancer subtypes27,52,53 (Figure 1). In early-stage breast cancer, sTILs are positively 
associated with increased responses to neo-adjuvant chemotherapy and improved 
prognosis in TNBC27,54-57. The same goes for CD8+ T-cells specifically, which are 
higher in TNBC as compared to ER-positive breast cancer with a positive correlation 
with prognosis in TNBC58. In ER-positive breast cancer, the protective role of T-cell 
presence is less clear27,59, but some reports have shown a positive association 
between sTILs and prognosis in highly proliferative/luminal B ER-positive breast 
cancer28,60.

Less attention has been paid to immune cells circulating in the blood in breast 
cancer. It has been shown that breast cancer patients harbor higher levels of 
circulating myeloid-derived suppressor cells (MDSCs) and regulatory T cells in 
comparison to healthy women, but that these immune inhibitory cells decreased 
upon treatment response61. It has also been appreciated that intact systemic 
immune cell function is critical for ICB efficacy62. For example, it has been shown 
that an early increase in proliferating CD8+ T cells in melanoma63, an increase 
in eosinophils in melanoma64 or a decrease in the neutrophil-to-lymphocyte ratio 
in renal-cell carcinoma65 are associated with response to ICB. In breast cancer, 
increases in circulating activated, proliferating CD8+ T cells upon ICB plus 
chemotherapy have been observed66. The results of our study investigating the 
involvement of circulating immune cells in ICB response in breast cancer will be 
discussed in Chapter 3 of this thesis. 

Immune checkpoint blockade in breast cancer

As several translational studies have demonstrated extensive lymphocytic 
infiltration in primarily early-stage TNBC, ICB is unsurprisingly more effective in 
this breast cancer subtype. In early-stage breast cancer, high pathological complete 
response rates (pCR) have been observed to neoadjuvant chemotherapy plus ICB 
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(Table 1). In the KEYNOTE-52221, treatment with neo-adjuvant pembrolizumab 
plus ICB not only improved pCR rates but also improved event-free survival in 
early-stage TNBC67, leading to FDA approval of this treatment regimen and thereby 
revolutionizing treatment for this historically difficult-to-treat breast cancer. 
Results of phase three trials of the addition of ICB to neo-adjuvant chemotherapy 
in high-risk ER-positive breast cancer (grade 3; NCT04109066, NCT03725059) have 
yet to be reported. Two phase II trials demonstrated promising activity in high-risk 
ER-positive breast cancer68,69 and it remains to be elucidated whether addition 
of ICB to neo-adjuvant treatment for ER-positive patients will prove to be a vital 
treatment option. 

Table 1: Randomized phase II-III trials of neo-adjuvant ICB in early-stage TNBC and ER+ BC. 
Nab-paclitaxel (Nab-P), paclitaxel (P), dd (dose-dense), anthracyclines (A), cyclophosphamide (C), carboplatin (Cp), 
pathological complete response (pCR), non-significant (ns)

Subtype Drug name Chemo-therapy 
backbone

No. of patients pCR rates

IMpassion03170 TNBC Atezolizumab Nab-P + dd AC 333 (165 experimental 
vs. 169 placebo)

58% experimental  
vs. 41% placebo  
(p = 0.0044)

Keynote-52221,67 TNBC Pembrolizumab P/Cp + AC 1174  
(784 experimental  
vs. 390 placebo)

64.8% experimental 
vs 51.2% placebo  
(p < 0.001)

Gepar-Nuevo71 TNBC Durvalumab Nab-P + dd AC 174 (88 experimental 
vs. 86 placebo)

53.4% experimental 
vs. 44.2% placebo (ns)

NeoTRIP72 TNBC Atezolizumab Cp + 
Nab-P

280 (138 experimental 
vs. 142 placebo)

48.6% experimental 
vs. 44.4% placebo (ns)

I-SPY269 TNBC
ER+ 
(MammaPrint 
high)

Pembrolizumab P + AC TNBC: 28 
(experimental)  
vs. 80 (control)
ER+: 38 
(experimental)  
vs. 92 (control)

TNBC: 60% 
(experimental)  
vs. 22% (control)
ER+: 30% 
(experimental)  
vs. 13% (control)

In the palliative setting, ICB monotherapy is only effective in a subgroup of patients 
with ER-positive breast cancer or TNBC. The first single-arm phase I and II trials of 
ICB monotherapy in breast cancer reported objective response rates (ORR) of 3% to 
ICB monotherapy73 and up to 12% in PD-L1 positive patients74 in ER-positive breast 
cancer. Notably, two out of three responders in the latter trial had tumors with 
lobular histology74. The SAFIR-02-BREAST-IMMUNO trial tested maintenance PD-1 
blockade against chemotherapy in patients with metastatic HER2-negative breast 
cancer and reported a statistically significant hazard ratio (HR) for PFS of 2.08 in 
favor of chemotherapy in the ER-positive subgroup75 (Table 2). Pembrolizumab in 
combination with eribulin induced responses in 27% of ER-positive breast cancer 
patients, while the ORR was 34% in patients treated with eribulin alone76 (Table 
2). These results indicate that ICB for patients with metastatic ER-positive breast 
cancer needs to be further improved by rational combinations to overcome intrinsic 
ICB resistance.
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Table 2: Randomized phase II-III trials of ICB in metastatic ER+ breast cancer and TNBC. Hazard ratio (HR), 
progression-free survival (PFS), Confidence Interval (CI)

Subtype Drug Chemotherapy 
backbone

No. of patients HR (95% CI) 
PFS intention-

to-treat 
population

HR (95% CI) 
PFS PD-L1 
positive 

population
Pembrolizumab + 
eribulin76

ER+ Pembro-
lizumab

Eribulin 88 (44 
experimental 
vs. 44 control)

0.80 
(0.50-1.26)

0.84 
(0.35-2.00)

SAFIR02-BREAST-
IMMUNO75

ER+, TNBC Durva-
lumab 
mainte-
nance

None 
(maintenance 
chemotherapy)

ER+: 110 
TNBC: 82

ER+: 2.08 (1.28-
3.40)

TNBC: 0.87 
(0.54 – 1.42) 

0.75 
(0.38-1.49)

KEYNOTE-11981 TNBC Pembro-
lizumab

None 
(investigator’s 
choice in 
control arm)

624 (312 
experimental 
vs. 310 control)

0.97 
(0.82-1.15)

0.78 
(0.57-1.06)

IMpassion13082,84,85 TNBC 
(first-line)

Atezo-
lizumab

Nab-paclitaxel 902 (451 
experimental 
vs. 451 
placebo)

0.80 
(0.69-0.92)

0.62 
(0.49-0.78)

IMpassion13183 TNBC 
(first-line)

Atezo-
lizumab

Paclitaxel 651 (431 
experimental 
vs. 220 
placebo)

0.86 
(0.70-1.05) 

0.82 
(0.60-1.12)

KEYNOTE-35522 TNBC 
(first-line)

Pembro-
lizumab

Nab-paclitaxel, 
paclitaxel or 
carboplatin/
gemcitabine

847 (566 
experimental 
vs. 281 
placebo)

0.82 
(0.69-0.97)

0.65 
(0.49-0.86)

In TNBC, the average ORRs for ICB monotherapy are slightly higher, with an ORR 
of 5-10% in unselected patients73,77,78 and 19-21% in PD-L1 positive patients in 
single-arm trials79,80. In the TNBC subgroup of the SAFIR02-BREAST-IMMUNO trial, 
a non-significant HR of 0.87 was observed in favor of maintenance durvalumab75 
(Table 2). In a phase III trial investigating ICB monotherapy in metastatic TNBC, 
an ORR of 10% was reported, but no difference in survival as compared to the 
control arm with investigator’s choice chemotherapy81. While ICB monotherapy has 
proven insufficient to overcome immune evasion in most patients with TNBC, ICB 
in combination with chemotherapy is the first long-awaited new treatment option 
for patients with metastatic TNBC (Table 2). The IMpassion13082 demonstrated 
improved primary progression-free survival (PFS) in patients with PD-L1 positive 
tumors (SP142, ≥1% immune cells) upon nab-paclitaxel and atezolizumab. 
However, the confirmatory IMpassion131 trial, with paclitaxel and atezolizumab, 
failed to demonstrate improved survival in this subgroup83. Differences between 
the IMpassion trials will be further discussed in chapter 2. In contrast, the primary 
PFS analysis of the KEYNOTE-355 trial was positive for adding pembrolizumab to 
chemotherapy in the PD-L1 positive subgroup (22C3, combined positive score of 
≥10%)22, leading to approval of ICB plus chemotherapy for first-line treatment of 
patients with PD-L1 positive metastatic TNBC. Although this is a massive milestone 
in the treatment for TNBC, much is unknown about the optimal chemotherapy 
backbone for ICB.
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The immunomodulatory capacity of chemotherapy and irradiation

Besides its anti-tumorigenic effects, preclinical and translational studies have 
attributed several immunogenic properties to chemotherapy and irradiation86. For 
example, fractionated irradiation can induce CD8+ T-cell priming via cGAS-STING 
signaling and increased type I interferons87,88. Similarly, platinum agents, such as 
cisplatin or carboplatin, have also been shown to increase DNA damage, thereby 
increasing the amount of cytosolic DNA and consequently cGAS-STING signaling89. 
Additionally, radiation and platinum can increase MHC class I expression, improving 
antigen presentation90. Anthracyclines have been implicated in the induction of 
immunogenic cell death91 and a decrease in MDSCs92. (Low-dose) cyclophosphamide 
can reduce regulatory T cells and restore effector T-cell function93. These studies 
underline the potential synergy between chemotherapy or irradiation with ICB, 
but in contrast, these treatment modalities can induce strong lymphopenia94,95. 
Since these myelosuppressive effects seem to be dose-dependent, this raises the 
question whether short-term treatment with low-dose chemotherapy or irradiation 
can alter a favorable immune microenvironment to prime tumors for ICB.

Improving immunotherapy for breast cancer patients – thesis outline

As described in Chapter 1, treatment with ICB has founds its place as standard-
of-care for patients with TNBC. However, as highlighted, there is a lot to learn 
about the rational improvement of ICB for breast cancer patients. In the research 
described in this thesis, we aim: 1) to explore the use of short-term immune 
induction treatments to prime tumors for ICB response; 2) to dissect responses to 
ICB in breast cancer patients by comprehensive translational research of the TME 
and circulating immune cells; 3) to explore potential predictive features for ICB 
response in breast cancer; 4) to identify novel potential subgroups of breast cancer 
patients that might benefit from ICB. 

Immunomodulatory strategies to improve responses to ICB in metastatic breast 
cancer
Leveraging the immunogenic effects of chemotherapy on immune cell functioning, 
in the first part of this thesis, we hypothesize that low-dose and short-term 
treatment with chemotherapy or radiation potentially primes the breast cancer 
TME to improve ICB response and we open avenues for novel immunomodulatory 
strategies. 

We discuss the contradicting results of the landmark phase III trials IMpassion130 and 
IMpassion131, testing atezolizumab plus nab-paclitaxel or paclitaxel, respectively, 
in Chapter 2 and place this in context with ongoing work on ICB in breast cancer. 

Chapter 3 reports the clinical and translational results of the phase II multi-
cohort TONIC trial’s interim analysis. In this trial, 67 patients with metastatic 
TNBC were randomized to an immune induction treatment of two weeks: radiation 



General introduction

Ch
ap

te
r 

1

15

(3x8 Grey); oral cyclophosphamide; cisplatin; low-dose doxorubicin or a waiting 
period of two weeks, all followed by PD-1 blockade. Using clinical measurements 
and comprehensive immune profiling of the TME as an outcome, we describe the 
potential of short-term immune induction to improve response to PD-1 blockade in 
patients with metastatic TNBC. 

With extensive translational studies of circulating immune cells and paired tumor 
biopsies of the patients treated with PD-1 blockade in the TONIC trial (chapter 3), 
we found that systemic and intratumoral eosinophils increased upon PD-1 blockade 
in responders, which was not seen in non-responders, as described in chapter 4. 
In vivo experiments demonstrated that eosinophils were essential for response 
to ICB. Our work provides the first hints towards a potential strategy to engage 
eosinophils for improved ICB responses in breast cancer.

Based on preclinical and translational research, there is a strong rationale for 
the clinical activity of platinum plus ICB in ILC patients. This was tested in the 
phase II, single-arm GELATO trial, of which the clinical and translational results are 
described in chapter 5. Here, 23 patients with metastatic ILC were treated with 12 
cycles of weekly carboplatin as immune induction, combined with PD-L1 blockade 
from the third cycle of carboplatin onwards. We are the first to report the results 
of a clinical trial specifically for ILC and demonstrate the promising clinical activity 
of carboplatin plus PD-L1 blockade in patients with triple-negative ILC.

Identification and implementation of potential biomarkers for response to ICB in 
breast cancer 
Proper selection of patients using clinical features or relevant biomarkers for ICB 
treatment response is needed to further improve personalized treatment for breast 
cancer patients. Therefore, the second part of this thesis focuses on exploring 
predictive biomarkers in ICB response in breast cancer and we demonstrate how 
such biomarkers can be implemented in clinical trials. Chapter 6 gives a literature 
review of potential biomarkers for predicting response to ICB in breast cancer and 
beyond.

A biomarker should be easy-to-use, validated for its intended use and feasible to 
implement in clinical trials and daily practice96. Since sTILs are a basic read-out 
for pre-existing anti-tumor immunity and international guidelines exist for the 
scoring sTILs in breast cancer51, we designed a framework for implementing sTILs 
as an inclusion criterium and stratification factor in clinical trials, as described 
in chapter 7. Here, we demonstrate our pipeline on how to obtain reliable sTIL 
scores within 72 hours after a biopsy and use sTILs as a stratification factor in the 
TONIC trial (chapter 3). 

In chapter 8, we describe the identification of a potential new subgroup of breast 
cancer patients that might benefit from ICB. So far, most research in HER2-negative 
breast cancer has focused on comparing ER-positive and ER-negative breast 
cancer27,28. Still, it is unclear whether immune characteristics of breast tumors 
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with low (1-9%) and intermediate ER-expression (10-50%) are similar to TNBC. In 
this chapter, we compare the immune landscape of HER2-negative breast tumors 
with low ER expression (1-9%), intermediate ER expression (10-50%) and high ER 
expression (51-99%) to breast tumors with negative (0%) or complete (100%) ER 
expression. 

Finally, the results of this thesis are summarized and placed in the context of this 
rapidly evolving field in chapter 9. In this chapter, we highlight future perspectives 
of our work and focus on potential new research avenues. 
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Triple-negative breast cancer (TNBC) comprises a heterogenous group of breast 
cancers, with an extremely poor prognosis in patients with metastatic disease. 
Important advancements are made in the treatment landscape for TNBC, with 
most notably the approval of first-line treatment with nanoparticle albumin-bound 
(nab)-paclitaxel and atezolizumab for patients with programmed death-ligand 1 
(PD-L1) positive metastatic TNBC based on the IMpassion130 trial1. More recently, 
the Food and Drug Administration granted accelerated approval to pembrolizumab 
in combination with chemotherapy for patients with metastatic TNBC with PD-L1 
positive tumors (Combined Positive Score (CPS) ≥10) based on progression-free 
survival (PFS) data of the KEYNOTE-355 study2. Since nab-paclitaxel is not as widely 
used as its solvent-based counterpart paclitaxel, the phase III IMpassion131 study 
evaluated atezolizumab in combination with paclitaxel. In this issue of the Annals, 
the final overall survival (OS) results of IMpassion1303 and primary PFS plus final OS 
results of IMpassion131 are presented4. 

In IMpassion130, patients were randomized to nab-paclitaxel with either 
atezolizumab or placebo. As demonstrated previously, PFS was statistically 
significantly prolonged in both the intention-to-treat (ITT) population and the PD-
L1 positive population (≥1% expression on immune cells in the tumor area) in the 
atezolizumab arm (Table 1)1,5. As presented in this issue, final OS analysis shows 
no statistically significant difference between the arms in the ITT population. 
The trial had a hierarchical design for OS, meaning that OS in the PD-L1 positive 
population was not formally tested. However, an exploratory analysis in the PD-L1 
positive population revealed a 7.5-months survival benefit with the addition of 
atezolizumab (Table 1)3. In IMpassion131, patients were randomized to paclitaxel 
with either atezolizumab or placebo. The primary endpoint of IMpassion131 
was PFS in the PD-L1 positive population. Here, it is demonstrated that PFS is 
not statistically significantly different in the PD-L1 positive population when 
atezolizumab was added to paclitaxel. Exploratory analyses reveal that OS is also 
not statistically different in both the ITT and PD-L1 positive populations (Table 1)4. 
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Table 1: Overview of main efficacy results in IMpassion130 and IMpassion131. 

Intention-to-treat population
IMpassion130 nP+A IMpassion130 nP+Pla IMpassion131 P+A IMpassion131 P+Pla

Primary PFS analysis 
(median in months, 
95% CI)

7.2 months (5.6-7.5) 5.5 months (5.3-5.6) 5.7 months (5.4-7.2) 5.6 months (5.4-6.5)

HR PFS (95% CI) 0.80 (0.69-0.92) 
Coprimary endpoint

0.86 (0.70-1.05)
Exploratory

Final OS (median in 
months, 95% CI)

21 months (19.0-
23.4)

18.7 months (16.9-
20.8)

19.2 months (16.6-
22.1)

22.8 months
(17.1-28.3)

HR OS (95% CI) 0.87 (0.75-1.02)
Coprimary endpoint

1.12 (0.88-1.43)
Exploratory

PD-L1 positive population
IMpassion130 nP+A IMpassion130 nP+P IMpassion131 P+A IMpassion131 P+P

Primary PFS analysis 
(median in months, 
95% CI)

7.5 months 
(6.7-9.2)

5.0 months 
(3.8-5.6)

6.0 months 
(5.6-7.4)

5.7 months 
(5.4-7.2)

HR PFS (95% CI) 0.62 (0.49-0.78)
Coprimary endpoint

0.82 (0.60-1.12) 
Primary endpoint

Final OS (median in 
months, 95% CI)

25.4 months (19.6-
30.7)

17.9 months (13.6-
20.3)

22.1 months (19.2-
30.5)

28.3 months (19.1-
not estimable)

HR OS (95% CI) 0.67 (0.53-0.86)
Exploratory

1.11 (0.76-1.64)
Exploratory

A, atezolizumab; CI, confidence interval; HR, hazard ratio; nP, nab-paclitaxel; OS, overall survival; P, paclitaxel; Pla, 
placebo; PFS, progression-free survival

Although confidence intervals between the main effect measures in IMpassion130 
and IMpassion131 overlap (Table 1), several explanations for the differences in 
outcome between the IMpassion trials can be proposed. First, it is tempting to 
speculate on possible distinct immunogenic effects of nab-paclitaxel versus 
paclitaxel. For paclitaxel, it has been described that it can increase CD8+ T cell 
infiltration and MHC class I expression in ovarian cancer6 and nab-paclitaxel has 
been shown to reduce stromal density7. Both drugs can have an effect on the 
polarization of macrophages into a favorable M1-like phenotype via Toll-like 
receptor 4 (TLR4), but paclitaxel mainly exerts its effects via binding to TLR4 on 
macrophage membranes8, whereas nab-paclitaxel is internalized by macrophages 
potentially being more potent in inducing its effects on the macrophage phenotype9. 
However, since the pivotal KEYNOTE-522 trial in early breast cancer demonstrated 
improved pathological response rates upon addition of pembrolizumab to a 
paclitaxel-containing regimen10, it is unlikely that paclitaxel has a detrimental 
effect on anti-cancer T-cell responses. This is supported by the KEYNOTE-355 trial 
in which the nab-paclitaxel/pembrolizumab and paclitaxel/pembrolizumab arms 
seem to perform equally well in an exploratory analysis2. 

Second, an advantage of using nab-paclitaxel over paclitaxel is the avoidance of 
corticosteroids. As expected, steroids were widely used in IMpassion1314. Steroids 
have been proposed to have immunosuppressive capacities with dampening effects 
on effector immune cells, potentially hampering an effective immune response11. 
However, it has been shown that the inferior outcome on PD1-blockade associated 
with steroids as co-medication is driven by a poor-prognosis subgroup of patients 
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who receive corticosteroids for palliative indications12. Given that in IMpassion131 
steroids were mainly used as prophylaxis for hypersensitivity reactions, together 
with efficacy data of both KEYNOTE-355 and KEYNOTE-522, it is not plausible that 
the difference in steroids alone explains the distinct results of IMpassion131 and 
IMpassion130. 

Third, although at first glance the patient populations included in IMpassion130 and 
IMpassion131 appear similar, small differences in patient selection could influence 
the results, especially for treatment regimens such as immune checkpoint inhibitors 
(ICI), of which only a minority of patients benefit. While in both IMpassion130 
and IMpassion131, patients were predominantly of Caucasian ethnicity (69% vs. 
58% in the PD-L1 positive population), the proportion of patients of Asian origin 
differed (18% vs. 30% in the PD-L1 positive population). Tumor-host interactions are 
still an unexplored area of research and may partly explain the different outcome 
of IMpassion131 and IMpassion130. Also, in IMpassion131 more patients with only 
one to three metastatic sites were included (79% vs. 84% in the PD-L1 positive 
populations of IMpassion130 and IMpassion131, respectively). The latter might 
have contributed to the exceptionally good outcome of the placebo-paclitaxel arm 
in IMpassion131 with a median OS of 28.3 months in the PD-L1 positive population, 
while this was 17.9 months for the control arm in IMpassion130 (Table 1). 

The recent translational analyses from IMpassion130, revealing that levels and 
patterns of tumor-infiltrating lymphocytes (TILs), CD8+ T-cell infiltration and the 
basal-like immune-activated (BLIA) molecular subtype were associated with a 
more pronounced benefit of atezolizumab, underscore the importance of extended 
molecular analyses13,14. Performing the same analyses in IMpassion131 will not only 
provide a validation of these exploratory findings, but will contribute to a better 
understanding of seemingly conflicting trial results.

Where to go from here? Assuming that the follow-up results of KEYNOTE-355 
will confirm the positioning of chemotherapy plus PD1-blockade as new first-line 
treatment for patients with metastatic TNBC, two developments could alter this 
standard within a couple of years. First, the IMpassion031, KEYNOTE-522 and 
GeparNuevo results indicate that anthracycline-taxane-based chemotherapy plus 
PD1-blockade could become the new standard for (high-risk) early TNBC10,15,16. 
Subsequently, it is likely that the vast majority of tumors of relapsing patients will 
not be sensitive to PD1-blockade anymore, highlighting the need for strategies 
beyond conventional chemotherapy-PD1-blockade combinations. Early trials 
evaluating combinations of ICI (beyond PD1-blockade) or combinations with 
other immunomodulatory approaches such as oncolytic viruses, STING-agonists, 
IL2-based immunostimulations or anti-body drug conjugates have now shown 
promising results in TNBC17-23. In addition, preliminary data of trials evaluating 
triplet therapy (chemotherapy, PD1-blockade and tyrosine kinase inhibitors (TKIs)) 
suggest impressive response rates when VEGF or AKT inhibitors are added to 
chemo-immunotherapy24,25.
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Additionally, with the growing body of evidence that TNBC is highly heterogenous 
with regard to endogenous anti-cancer immune responses, it is time to design 
trials for specific subsets of TNBCs beyond PD-L1 expression. Selection based 
on low serum lactate dehydrogenase (LDH), TILs, CD8, BLIA molecular subtype, 
hypermutated phenotype or biomarkers related to the mechanism of action of a 
particular drug combination could help in bringing the right treatment to the right 
patients13,14,24,26,27. 

Although the exact reasons for discrepancies between the results of the IMpassion130 
and IMpassion131 trials remain to be elucidated and the impressive OS benefit of 
7.5 months upon atezolizumab addition in PD-L1 positive patients in IMpassion130 is 
based on an explorative analysis, these results should still be considered as a huge 
leap forward in the treatment of metastatic TNBC. Further research is needed to 
better identify long-term responders to ICI and to find the ideal chemotherapy or 
targeted treatment partner. The IMpassion130 and KEYNOTE-355 landmark trials, 
together with existing evidence from phase I/II trials, prelude a new era for a long-
awaited new treatment option which induces durable responses in a substantial 
subset of advanced TNBC patients.
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Abstract

The efficacy of programmed cell death protein 1 (PD-1) blockade in metastatic 
triple-negative breast cancer (TNBC) is low1–5, highlighting a need for strategies that 
render the tumor microenvironment more sensitive to PD-1 blockade. Preclinical 
research has suggested immunomodulatory properties for chemotherapy and 
irradiation6–13. In the first stage of this adaptive, non-comparative phase 2 trial, 
67 patients with metastatic TNBC were randomized to nivolumab (1) without 
induction or with 2-week low-dose induction, or with (2) irradiation (3 × 8 Gy), 
(3) cyclophosphamide, (4) cisplatin or (5) doxorubicin, all followed by nivolumab. 
In the overall cohort, the objective response rate (ORR; iRECIST14) was 20%. The 
majority of responses were observed in the cisplatin (ORR 23%) and doxorubicin 
(ORR 35%) cohorts. After doxorubicin and cisplatin induction, we detected an 
upregulation of immune-related genes involved in PD-1–PD-L1 (programmed 
death ligand 1) and T cell cytotoxicity pathways. This was further supported by 
enrichment among upregulated genes related to inflammation, JAK–STAT and 
TNF-α signaling after doxorubicin. Together, the clinical and translational data of 
this study indicate that short-term doxorubicin and cisplatin may induce a more 
favorable tumor microenvironment and increase the likelihood of response to PD-1 
blockade in TNBC. These data warrant confirmation in TNBC and exploration of 
induction treatments prior to PD-1 blockade in other cancer types.
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Triple-negative breast cancer (TNBC), characterized by estrogen receptor, 
progesterone receptor and HER2 negativity, comprises 10–20% of all breast 
cancers15. In patients with metastatic disease, tumors rapidly become resistant 
to chemotherapy, resulting in a median overall survival of only 8–13 months16,17. 
Although durable responses to PD-1 and programmed death-ligand 1 (PD-1/PD-L1) 
blockade have been observed in TNBC, the fraction of patients with metastatic 
TNBC that benefit from PD-1/PD-L1 blockade is low, with response rates around 
5%1,4. Response rates seem to increase to 19–23% upon selection of patients with PD-
L1-positive tumor microenvironments (TMEs)2,18. However, the majority of patients 
with TNBC do not benefit from PD-1/PD-L1 blockade, highlighting the need for 
strategies that can alter the immune-suppressive TME and increase sensitivity to 
PD-1/PD-L1 blockade.

Preclinical and clinical studies have shown that low-dose chemotherapy or 
irradiation may be utilized to stimulate anticancer immune responses. For 
example, irradiation has been shown to induce type I interferons via the stimulator 
of interferon genes (STING) pathway and consequently enhance T cell priming6,7. 
Some studies have demonstrated that cyclophosphamide can deplete regulatory 
T cells and could restore effector functions of T cells and natural killer cells8. In 
addition, cisplatin has been shown to upregulate major histocompatibility complex 
class I expression and directly stimulate T cell function9,10. Finally, doxorubicin 
has been associated with myeloid-derived suppressor cell (MDSC) depletion11, an 
increase in the level of type I interferons12 and induction of immunogenic cell 
death13.

Here, we present a phase 2 trial in which we dissect the immunomodulatory effects 
of hypofractionated irradiation and low-dose cyclophosphamide, cisplatin and 
doxorubicin in patients with TNBC, with the hypothesis that these treatments may 
be utilized as priming strategies to improve the efficacy of PD-1/PD-L1 blockade. 
This multi-cohort TONIC trial evaluates the efficacy of nivolumab after short-term 
induction with low-dose chemotherapy, irradiation or no induction. A ‘pick-the-
winner’ strategy, taking into account clinical responses and translational findings, 
was used with a Simon’s two-stage design19 to decide which cohorts would be 
expanded.

In the TONIC trial (NCT02499367), patients were randomized to one of four 
different induction treatments, consisting of irradiation to a single lesion, low-
dose cyclophosphamide, cisplatin or doxorubicin, or a 2-week waiting period 
(Figure 1a). Biopsies from metastatic lesions were taken at baseline (biopsy one), 
after induction (biopsy two) and after three cycles of nivolumab (biopsy three). 
Seventy patients were randomized between September 2015 and October 2017. 
Accrual continued until a minimum of ten patients who received at least one cycle 
of nivolumab and from whom we could acquire high-quality paired biopsies were 
included for each cohort, resulting in a slightly uneven number of patients across 
cohorts (Extended Data Figure 1). At data cut-off, the median follow- up was 19.9 
months. Characteristics were as expected for advanced TNBC (Table 1) and balanced 
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between cohorts, with a relatively high proportion of patients in the doxorubicin 
and control cohorts receiving their first-line treatment in this trial (Supplementary 
Table 1). Sixty-six patients were available for efficacy analysis (Supplementary 
Table 2). All patients had received previous chemotherapy in the (neo-)adjuvant 
and/or the metastatic setting. Patients with de novo stage IV disease (n = 8 out of 
66) were pretreated with palliative chemotherapy before entering the TONIC trial.

Table 1. Baseline characteristics of the intention-to-treat population. 

Total population (n = 70) No. of patients Percentage
Median age, years (range) 51 (29-70)
WHO performance status, n (%)

0 41 59%
1 29 41%

Germline BRCA1/2, n (%)
Mutation 6 9%
Wildtype 50 71%
Unknown 14 20%

Location of metastasis, n (%)
Lymph node only 6 9%
Visceral metastasis 50 71%
Other metastasis 14 20%

Number of previous therapies for metastatic disease, n (%)
0 17 24%
1 34 49%
2-3 19 27%

Previous neoadjuvant or adjuvant therapy, n (%) 59 84%
Previous chemotherapy exposure, n (%)

Taxane 64 91%
Anthracycline 60 86%
Platinum 42 60%
Capecitabine 34 49%

Disease Free Interval (DFI), n (%)
De novo metastatic disease 9 13%
DFI ≤ 12 months 23 33%
DFI > 12 months 38 54%

LDH level, n (%)
≤ ULN 39 56%
≤ 2x ULN 31 44%

PD-L1 expression on tumor cells, n (%)
Not available 5 7%
≥ 1% on tumor cells 44 63%
≥ 5% on tumor cells 23 33%

PD-L1 expression on immune cells, n (%)
Not available 5 7%
≥ 1% on immune cells 60 86%
≥ 5% on immune cells 47 67%

Clinical baseline characteristics of all allocated patients. PD-L1 immunohistochemistry was performed using the DAKO 
22C3 clone. 
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Figure 1. Anti-tumor activity of nivolumab after immune induction in the per protocol population. (a) Design of 
the TONIC trial. Patients were randomized to 1 of 4 cohorts with induction treatments or no induction, all followed 
by nivolumab (3 mg per kg every 2 weeks). Biopsies and blood samples were taken at baseline (biopsy one), on post-
induction treatment (biopsy two) and on nivolumab (after three cycles of nivolumab; biopsy three). i.v., intravenous. 
(b) Overall survival (OS) by response. Kaplan–Meier curves of overall survival by best overall response were calculated. 
All 67 patients of the per protocol population were included, but 7 patients were deceased within 6 weeks after 
nivolumab initiation, and their data are not displayed (that is, a landmark was used at 6 weeks). The stable disease 
(SD) group includes a patient with stable disease, as defined by RECIST, for 26 weeks and a patient with non-evaluable 
disease but clinical benefit for 26 weeks. PD, progressive disease. (c) ORR per cohort as the percentage of total 
patients per cohort (iRECIST, investigator determined). ORR comprises all PRs and CRs. (d) Waterfall plot. Best 
radiological response of target lesions during nivolumab treatment compared to baseline. Eleven patients with clinical 
evidence of disease progression did not have a follow-up CT scan after nivolumab initiation, and nine patients had 
non-measurable disease. Depicted is the largest change in the sum of target lesions, in comparison to baseline or the 
post-induction CT scan (changes compared to the post-induction scan are indicated by asterisks; n = 7). Bar colors 
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reflect the induction treatment shown in a. The y axis was cut-off at 100% for illustration purposes. Dotted black lines 
indicate the response as described by RECIST1.1. (e) Swimmers plot. Duration of response of patients with PR or CR 
according to iRECIST. Progressive disease was assessed according to iRECIST; the first date of progressive disease is 
depicted in case of confirmation on a subsequent CT scan. Only two patients had a PR after induction treatment, 
with one prolongation after nivolumab treatment. One patient with a microsatellite instable tumor, pretreated with 
cisplatin, ended treatment after 1 year and has had an ongoing remission for 102 weeks. One patient with a CR 
stopped treatment after 17 nivolumab cycles due to a grade 2 pneumonitis and has had an ongoing CR for 86 weeks; 
another patient with a CR stopped treatment due to a grade 2 gastritis after 38 cycles of nivolumab and has had an 
ongoing CR for 86 weeks. The vertical dotted line marks the 2-week induction period.

Nivolumab after induction was not associated with any previously unreported 
toxicity. Induction treatment-related adverse events (AEs) of any grade occurred in 
19 patients (28%, with 3% grade 3) and immune-related AEs of grades 3–5 occurred 
in 13 patients (19%; Supplementary Tables 3 and 4). Two patients with evidence of 
progression died on study.

Median progression-free survival (PFS) for all patients was 1.9 months (Supplementary 
Table 5). We observed an objective response rate (ORR) to nivolumab of 20% (13 
out of 66 patients; iRECIST14), with two complete responses (CRs; 3%) and 11 partial 
responses (PRs; 17%) (Supplementary Table 5). The median duration of response 
according to iRECIST was 9 months (95% CI: 4.7 not reached). At data lock, four 
patients were still on study: one patient was still receiving nivolumab with an 
ongoing response, and three patients were in remission after stopping nivolumab.

We explored the potential predictive value of clinical characteristics and baseline 
aspects of the TME and peripheral blood. Patients with a disease-free interval (DFI) 
of 1 year or shorter had lower response rates (P = 0.02; Extended Data Figure 2a). 
The ORR for patients treated in the first line was 33%, while the ORR was 16% in 
patients treated in the second or later lines (P = 0.15; Extended Data Figure 2a). 
We observed significantly higher levels of stromal tumor-infiltrating lymphocytes 
(sTILs) and higher levels of CD8 and PD-L1 on immune cells in responders than in 
non-responders (Figure 2a,b and Extended Data Figures 2a,b and 3). Furthermore, 
we observed significantly lower cancer antigen 15-3 (CA 15-3) and carcinoembryonic 
antigen (CEA) levels in responders (Figure 2c and Extended Data Figure 2a,d). CA 15-3 
showed a moderate correlation with the number of metastatic sites (Extended Data 
Figure 2e). In a multivariate analysis, CA 15-3 remained associated with response 
after adjustment for sTILs and lines of treatment (odds ratio: 0.69; P = 0.05) but 
not after adjustment for number of metastatic sites (odds ratio: 0.72; P = 0.08). 
No significant correlation with response was observed for lactate dehydrogenase 
(LDH), C-reactive protein, neutrophils, lymphocytes, neutrophil-to-lymphocyte 
ratio, eosinophils or serum levels of 12 CD8 T cell and natural-killer-cell-related 
cytokines (Extended Data Figures 2f–k and 4). In addition, we observed higher gene 
signature scores for T helper 1 cells, B cells and neutrophils in responders than 
in non-responders (Figure 2d), using the NanoString IO 360 Panel. Higher T cell 
receptor (TCR) clonality, more T cells and a larger TCR repertoire diversity (the 
number of unique intratumoral T cell clones) were observed in responders than in 
non-responders, both intratumoral and in the blood (Extended Data Figure 2l–q), 
however these associations were not statistically significant. 
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Figure 2. Intratumoral and systemic baseline parameters associated with response. (a) Baseline sTILs determined 
according to guidelines of the TIL working group on a H&E staining of tumor biopsies. The median value is displayed 
for patients with or without clinical benefit; the median in the overall cohort was 5%. Boxplots represent the median 
and 25th and 75th percentiles, and the vertical bars span the 5th to the 95th percentiles. Statistical significance was 
tested with a two-tailed Mann–Whitney U-test (unadjusted P value). (b) Baseline CD8 cell count per mm2 in tumor 
biopsies. The median value is displayed for patients with or without clinical benefit; the median in the overall cohort 
was 30 cells per mm2. Boxplots represent the median and 25th and 75th percentiles, and the vertical bars span the 
5th to the 95th percentiles. Statistical significance was tested with a two-tailed Mann–Whitney U-test (unadjusted P 
value). (c) Baseline serum levels of CA 15-3. CA 15-3 was measured according to local guidelines. The median value 
is displayed for patients with or without clinical benefit; the median in the overall cohort was 35 kU l−1 (which is 
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1× ULN). Boxplots represent the median and 25th and 75th percentiles, and the vertical bars span the 5th to the 
95th percentiles. Statistical significance was tested with a two-tailed Mann–Whitney U-test (unadjusted P value). (d) 
Volcano plot of baseline gene expression signatures assessed with the NanoString IO 360 panel of 770 genes. Displayed 
is the log2 fold difference of the median gene expression signature score between non-responders and responders 
(all patients with clinical benefit). Statistical significance is observed for signatures above the red dashed line (two-
sided Wilcoxon signed-rank test; unadjusted P value of 0.05). Every dot represents one gene expression signature, as 
previously determined by Ayers et al.22 and Danaher et al.23,26. The gray dashed line indicates no difference in gene 
expression. IFN-γ, interferon-γ; TH1, T helper 1; TIS, tumor inflammation signature. (e) Mutational load, germline 
(according to routine clinical diagnostics) and somatic BRCA variants, BRCA1-like copy number (CN) profiles, copy 
number or mutation status of POLE, BRCA1, BRCA2 and B2M, and PAM50 subtype assessed by RNA sequencing and 
NanoString are depicted. Data were available for 50 patients, samples were taken at baseline before study treatment. 
NA, not available; SNV, single-nucleotide variant; WT, wild type; LumA, Luminal A; LumB, Luminal B.

We found no association between mutational load or predicted neo-epitopes and 
response (Figure 2e and Extended Data Figure 2r,s). Two patients with exceptionally 
high mutational loads had somatic mutations in POLE. One of those cases was also 
identified as microsatellite instable and had a durable response20. No mutations 
in B2M were observed at baseline. We found no associations between response 
and BRCA1/2 mutations (Figure 2e), but we did observe BRCA1-like genomic copy 
number profiles to be negatively associated with response (Figure 2e and Extended 
Data Figure 2a). Molecular subtypes according to PAM5021 were not associated with 
response.

Most clinical responses occurred during nivolumab, with two patients having the 
onset of response during the induction period (Extended Data Figure 5a,b). Most 
responses were observed in the doxorubicin cohort (ORR: 35%; 95% CI: 14.2–61.7%), 
followed by cisplatin (ORR: 23%; 95% CI: 5–53.8%; Figure 1c,d). In the no induction 
treatment cohort, two patients experienced a PR (ORR: 17%; 95% CI: 2.1–48.4%); 
in the irradiation and cyclophosphamide cohorts, only one patient had a PR (ORR: 
8%; 95% CI: 0.2–38.5%). When restricting analysis to non-first-line patients, the 
doxorubicin, cisplatin and no induction cohorts still showed numerically higher 
ORRs than the irradiation and cyclophosphamide cohorts (Extended Data Figure 
5c). According to the Simon’s two-stage design22, discontinuation of a cohort was 
required if fewer than three out of ten patients had no progressive disease after 
12 weeks (Extended Data Figure 5e–g). According to iRECIST (Extended Data Figure 
5e,f), only the doxorubicin cohort was allowed to continue.

The main objective of the TONIC trial was to explore whether induction treatment 
can induce a more inflamed TME. To determine the desired state of inflammation, we 
first studied the ongoing anti-cancer immune response in biopsy three of responders 
compared to biopsy three from non-responders. On nivolumab, we observed higher 
TCR clonality (P = 0.009) and increased T cell infiltration (P = 0.004; Figure 3a,d). 
Although T cell repertoire clonality appeared more strongly increased in the 
cisplatin and doxorubicin cohorts after nivolumab treatment (biopsy three versus 
biopsy one) than in the control cohort (Figure 3c), such inter-cohort differences 
were not observed directly after induction (biopsy two versus biopsy one; Figure 
3b). In addition, we observed a trend in increased T cell infiltration after induction 
with cisplatin and doxorubicin (biopsy two versus biopsy one; Figure 3e), which 
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became more pronounced after nivolumab treatment (biopsy three versus biopsy 
one; Figure 3f). Finally, increases in the number of unique intratumoral T cell 
clones (TCR diversity) were significantly higher on nivolumab in the doxorubicin 
cohort than in the control cohort (Extended Data Figure 6). We observed higher 
TIL (H&E) and CD8 counts (immunohistochemistry) in on-nivolumab biopsies of 
responders than in non-responders (Extended Data Figure 7a,b). Comparing post-
induction and baseline, we observed a trend towards increased TIL and CD8 counts 
in all cohorts except for the irradiation cohort (Extended Data Figure 7c,d) and 
non-significant increases in TIL and CD8 counts after nivolumab treatment in the 
doxorubicin cohort. We observed no changes in stromal CD4 or FOXP3 expression 
after induction. A non-significant increase in CD4 expression in the doxorubicin 
cohort was observed (Extended Data Figure 7e,f).

Next, we evaluated treatment-induced changes in the expression of immune-
related genes (NanoString IO 360 Panel)22,23. On nivolumab (biopsy three), several 
gene signatures associated with inflammation were significantly higher for 
responders than for non-responders (Figure 3g). Following cisplatin and doxorubicin 
treatments, most of these inflammation-related signatures (Figure 3g) showed 
a trend towards upregulation, but after irradiation or a 2-week waiting period 
these signatures tended to get downregulated (biopsy two versus biopsy one; 
Figure 3h). Upregulation of inflammation-related signatures in the cisplatin and 
doxorubicin cohorts was even more pronounced after nivolumab treatment (biopsy 
three versus biopsy one; Figure 3i). Using a Bayesian model, we estimated the 
effect sizes of the four induction treatments on immune-related gene signatures 
(Figure 3g). We observed that the effect sizes of cisplatin and doxorubicin 
equaled or exceeded changes in the no induction cohort with 98.0% and 85.2% 
probability, respectively (Extended Data Figure 8b). After correction for baseline 
gene expression, clinical response to nivolumab, lines of palliative treatment and 
lymph node only metastasis, probabilities of 92.1% and 80.7% (Extended Data 
Figure 8g,h), respectively, were obtained. Subsequently, a gene set enrichment 
analysis (GSEA) on 50 hallmark gene sets24 on RNA sequencing data demonstrated 
an enrichment of eight immune-related gene sets among upregulated genes 
(biopsy two versus biopsy one) after doxorubicin treatment (six out of eight gene 
sets passed multiple testing correction) and after cisplatin treatment (zero out of 
eight passed multiple testing correction). After irradiation and cyclophosphamide 
treatments, the majority of these gene sets showed a non-significant enrichment 
among downregulated genes. By contrast, only 7 out of 42 non-immune-related 
hallmark gene sets were enriched among upregulated genes after doxorubicin. 
In addition, we tested previously established gene signatures related to myeloid 
cells23,25,26 and CD4 T cells27. Three (out of four) myeloid-related signatures showed 
upregulation after induction and/or on nivolumab treatment (Extended Data 
Figure 9a,b). Furthermore, we evaluated two MDSC-related signatures25 and two 
CD4 T cell signatures27 in a separate GSEA and observed all to be enriched among 
upregulated genes after doxorubicin and cisplatin (false discovery rate ≤ 0.25; 
Extended Data Figure 9c).
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Figure 3. Characteristics of tumors during an active ongoing anticancer response on nivolumab and changes 
observed after induction treatments. (a) Intratumoral TCR clonality on nivolumab treatment. On nivolumab 
treatment, TCR sequencing data were available for 29 patients. Boxplots represent the median, 25th and 75th 
percentiles and the vertical bars span the 5th to the 95th percentiles. Statistical significance was tested with a two-
tailed Mann–Whitney U-test (unadjusted P value). (b) Fold change (FC) in TCR clonality after induction treatment 
versus baseline (biopsy two versus biopsy one). The clonality of TCRs indicates the specific expansion of a subset of T 
cell clones. The boxes in the boxplots represent the median and interquartile ranges, and the whiskers represent the 
full range. Statistical significance was tested with a Kruskal–Wallis test for all groups. Patients with clinical benefit 
are highlighted with a red dot. The dotted black line indicates no change. (c) FC in TCR clonality on nivolumab (nivo) 
treatment versus baseline (biopsy three versus biopsy one). The boxes in the boxplots represent the median and 
interquartile ranges, and the whiskers represent the full range. Statistical significance was tested with a Kruskal–
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Wallis test for all groups. Patients with clinical benefit are highlighted with a red dot. The dotted black line indicates 
no change. (d) Percentage of tumor-infiltrating T cells (TCR sequencing) on nivolumab treatment. The percentage 
of T cells of total nucleated cells, as assessed by TCR sequencing is depicted. Boxplots represent the median, 25th 
and 75th percentiles and the vertical bars span the 5th to the 95th percentiles. Statistical significance was tested 
with a two-tailed Mann–Whitney U-test (unadjusted P value). (e) FC in the percentage of tumor-infiltrating T cells 
(TCR sequencing) after induction treatment versus baseline (biopsy two versus biopsy one). The percentage of T 
cells over nucleated cells is depicted. The boxes in the boxplots represent the median and interquartile ranges and 
the whiskers represent the full range. Statistical significance was tested with a Kruskal–Wallis test for all groups. 
Patients with clinical benefit are highlighted with a red dot. The dotted black line indicates no change. (f) FC in the 
percentage of tumor-infiltrating T cells (TCR sequencing) on nivolumab treatment versus baseline (biopsy three versus 
biopsy one). The percentage of T cells over nucleated cells is depicted. The boxes in the boxplots represent the 
median and interquartile ranges and the whiskers represent the full range. Statistical significance was tested with a 
Kruskal–Wallis test for all groups. Patients with clinical benefit are highlighted with a red dot. The dotted black line 
indicates no change. (g) Volcano plot of previously established gene expression signatures22,23,26, assessed with the 
NanoString IO 360 panel of 770 genes. The log2 fold difference of the median gene expression per signature between 
non-responders and patients with clinical benefit in biopsies taken after three cycles of nivolumab (biopsy three) is 
displayed. Statistical significance is observed for signatures above the red dashed line (two-sided Wilcoxon signed-rank 
test; unadjusted P value of 0.05). Each dot represents one of the previously established gene expression signatures 
by NanoString22,23,26. The gray dashed line indicates no difference in gene expression. MMR, DNA mismatch repair. 
(h) Heatmap of post-induction FCs in gene expression signatures (NanoString; significantly upregulated during an 
active ongoing response on nivolumab, determined in g) in post-induction samples (biopsy two) compared to baseline 
(biopsy one). Depicted is the log2 FC in median gene expression of paired biopsies. Statistical significance (two-sided 
Wilcoxon signed-rank test) is highlighted with a black dot. (i) Heatmap of on-nivolumab FCs in gene expression 
signatures (NanoString; significantly upregulated during an active ongoing response on nivolumab, determined in g) in 
samples taken on nivolumab (biopsy three) compared to baseline (biopsy one). Depicted is the log2 FC in median gene 
expression of paired biopsies. Statistical significance (two-sided Wilcoxon signed-rank test) is highlighted with a black 
dot. (j) Gene set enrichment analysis of 50 hallmark gene sets24, performed on whole-transcriptome RNA sequencing of 
pre-induction and post-induction samples (biopsy 2 compared to biopsy 1). Cells are colored according to normalized 
enrichment scores, and Benjamini– Hochberg (FDR) corrected P values equaling or below 0.25 are highlighted with 
black dots. Immune-related gene sets are highlighted in bold font. DN, downregulated; IL-6, interleukin-6; JAK, 
Janus kinase; mTOR, mechanistic target of rapamycin; mTORC1, mTOR complex 1; NF-κB, nuclear factor-κB; PI3K, 
phosphatidylinositol-3-OH kinase; STAT3, signal transducer and activator of transcription 3; TGF-β, transforming 
growth factor-β; TNF-α, tumor necrosis factor-α; UP, upregulated.

To our knowledge, TONIC is the first trial to evaluate the concept of TME modulation 
using chemotherapy or irradiation prior to PD-1/PD-L1 blockade. Our data provide 
substantial evidence that induction with cisplatin or doxorubicin can prime 
tumors for response to anti-PD-1, based on high response rates to anti-PD-1 and 
upregulation of immune-related gene sets. Finally, we observed trends towards 
increased T cell infiltration and TCR diversity in the doxorubicin cohort. On the 
basis of the Simon’s two-stage design, the doxorubicin cohort is currently expanded 
in stage II of the trial (Extended Data Figure 5h). We note that this trial was not 
designed nor powered for direct comparison of response rates between arms and, 
as such, the data cannot be used as conclusive evidence for the inferiority of other 
induction treatments.

The majority of clinical trials that evaluate immune checkpoint blockade (ICB) in 
combination with chemotherapy simply combine PD-1/PD-L1 blockade with standard 
chemotherapy5,28, which was shown to lead to increased survival for patients with 
PD-L1-positive TNBC5. By contrast, the sequential administration of chemotherapy 
or irradiation in the TONIC trial allowed us to test whether conventional treatments 
can turn ‘cold’ into ‘hot’ tumors. To the best of our knowledge, strong preclinical 
or clinical data that assess whether the sequential use of chemotherapy or 
irradiation is better than concomitant use are still lacking. Arguments in favor of 
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the latter are the relatively long time to response to PD-1/PD-L1 blockade during 
which chemotherapy can provide early tumor control and the potential synergy 
between PD-1/PD-L1 blockade and chemo- therapy. Conversely, the short-term use 
of chemotherapy reduces toxicity substantially while potentially still effectuating 
the immunomodulation associated with cytostatic agents. Interestingly, the first 
results of the GeparNuevo trial, evaluating anti-PD-L1 added to chemotherapy in 
primary TNBC, suggested that induction with anti-PD-L1 increased responses in 
primary TNBC29. Of note, our analyses of sequential on-treatment biopsies revealed 
that the immunomodulatory effects induced by three cycles of anti-PD-1 were 
substantially larger than the changes observed after 2 weeks of induction, arguing 
for an earlier start of ICB. Recent work has demonstrated that high response rates 
are observed upon ICB in the neoadjuvant setting in melanoma and non-small-cell 
lung cancer30,31, supporting the notion that primary tumors may be more sensitive 
to immune control than metastases. Given this, it would be interesting to apply 
the design of TONIC to the neoadjuvant setting.

We found that nivolumab in patients with metastatic TNBC resulted in an ORR of 
20%. This ORR is higher than in other studies in this patient population that show 
an ORR of only 5–10%1,3,4. This may be due to the priming strategy that was used 
in our trial, but patient selection may also have contributed, for example, as, in 
contrast to some previous studies3,4, we excluded patients with high serum levels 
of LDH. Importantly, we confirm that patients with a short DFI (<1 year) had a 
low likelihood (<5%) of response to ICB even when the LDH level is <2× upper 
limit normal (ULN), as previously reported18. In contrast to data for melanoma 
and non-small-cell lung cancer32,33, the tumor mutational burden did not correlate 
with response in our series, in line with previous work34,35. Although this lack 
of correlation may simply be explained by small sample sizes, it is interesting 
to consider that the tumor mutational burden might not be a determinant of 
response in relatively ‘cold’ tumors, such as breast cancer, in which copy number 
aberrations are more prevalent. This is supported by the significant association 
that we observed between BRCA1-like copy number profiles and non-response 
to anti-PD-1 and in line with previous studies in melanoma suggesting that copy 
number aberration burden is negatively associated with anti-PD-1 response36,37.

We observed a significant correlation between PD-L1 on immune cells and nivolumab 
benefit (Extended Data Figures 2a,b and 3e,f), in line with several studies in TNBC3–

5. Of note, the prevalence of PD-L1-positive tumors is somewhat higher in our study 
than in other studies2,18, with 86% of patients expressing PD-L1 on immune cells 
(assessed using the 22C3 clone). Using the SP142 clone and by scoring of immune 
cells, Schmid et al.5 reported 41% PD-L1-positive tumors in the first-line setting, 
whereas Emens et al.3 reported 81% PD-L1 positivity in heavily pretreated patients. 
Studies in non-small-cell lung cancer38 and bladder cancer39 have shown that the 
22C3 clone yields higher proportions of PD-L1 positivity than the SP142 assay.

Although the TONIC trial design allowed relatively quick prioritization of treatments, 
there are several limitations to address. First, the TONIC trial was designed as a 
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non-comparative trial with relatively small numbers. Although we only included 
patients with TNBC, this population is still quite heterogeneous in terms of previous 
treatments and metastatic patterns. Second, no stratification was applied in the 
first stage of the trial. Consequently, the cohorts were not perfectly balanced 
for several characteristics, such as the location of metastases and the number of 
previous palliative treatments. Third, we required a short period of preferential 
recruitment to the doxorubicin arm (n = 17) to obtain at least ten good-quality 
paired biopsies. As such, we cannot exclude that low-dose doxorubicin might also 
have a direct anti-tumor effect. Finally, according to the very stringent decision 
rules (requiring a success rate of at least 30%) that we set before the start of the 
trial (2014) without knowing that the ORR to PD-1/PD-L1 blockade would be only 
5–10%1,3,4, doxorubicin was picked as a winner only when the iRECIST criteria (ORR 
35%) were applied, but not according to RECIST1.140 (Extended Data Figure 5e–g).

In summary, induction treatment with short-term chemotherapy or irradiation 
followed by nivolumab is feasible and leads to clinical benefit in a substantial 
subset of patients, with higher than expected response rates and durable responses. 
Priming with doxorubicin or cisplatin seems to induce a more favorable TME and 
was associated with a higher likelihood of response to nivolumab in this study. 
Next to the ongoing validation in stage II of this TONIC trial, which incorporates a 
nivolumab monotherapy cohort and a doxorubicin followed by nivolumab cohort 
(Extended Data Figure 5h), independent validation of our findings is required. In 
addition, the design of this study may serve as a template for other signal-finding 
combination immunotherapy studies in breast cancer and beyond.

Methods

Study design 
The TONIC trial (full title: adaptive phase 2 randomized non- comparative trial 
of nivolumab after induction treatment in triple-negative breast cancer patients; 
NCT02499367) is a single center, non-blinded, randomized, non-comparative 
phase II study designed to evaluate the feasibility and efficacy of nivolumab after 
a 2-week induction treatment with chemotherapy or irradiation in patients with 
metastatic TNBC. The first stage of the trial consisted of five cohorts (four with 
induction treatment before nivolumab, one with a 2-week waiting period), all with 
a Simon’s two-stage design19. For the second stage, the number of arms is reduced 
based on the results obtained in the first stage, according to the ‘pick-the-winner’ 
principle, considering clinical as well as translational end points. The trial was 
conducted in accordance with the protocol, Good Clinical Practice standards and 
the Declaration of Helsinki. The full protocol, including two amendments, and 
the informed consent form were approved by the institution’s medical-ethical 
committee. All patients provided written informed consent before enrollment. This 
investigator-initiated trial was designed by the Netherlands Cancer Institute (NKI). 
Funding was provided by Bristol-Myers-Squibb (BMS) through the International 
Immuno-Oncology Network (II-ON) and by the Dutch Cancer Society (NKI2015-7710) 
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with the NKI being the sponsor. Translational research was funded by Pink Ribbon 
(NKI2016-8214), the Breast Cancer Research Foundation (BCRF-17-188) and BMS/
II-ON. The study protocol was written during the ECCO-AACR-ESMO-EORTC course 
‘Methods in Clinical Cancer Research’ Flims, 2014.

Patients
Key inclusion criteria included: 18 years of age or older; metastatic or incurable 
locally advanced TNBC with confirmation of estrogen receptor and HER2 negativity 
(ER < 10% and HER2 0, 1 or 2 in the absence of amplification as determined by in 
situ hybridization) on a biopsy of a metastatic lesion or recurrence in the breast; 
a WHO (World Health Organization) performance status of 0 or 1; measurable or 
evaluable disease according to RECIST1.140; and a maximum of three previous 
lines of palliative systemic treatment. Key exclusion criteria included: a LDH level 
above 500 U l−1 (>2× ULN); symptomatic brain metastasis (treated and stable brain 
metastasis were allowed); previous therapy with ICB; and active autoimmune 
disease or chronic infections. Patients were not selected based on PD-L1 expression 
and had to have an accessible lesion for sequential biopsies and a different lesion 
accessible for irradiation. Full eligibility criteria are listed in the Supplementary 
Note (online version of this article). At the start of the trial, PD-L1 was assessed 
using immunohistochemistry and was used for stratification of the first 17 patients. 
For logistical reasons and an unacceptable waiting time for patients due to this 
PD-L1 analysis, this stratification procedure was stopped.

Procedures 
Before the start of the induction treatment (biopsy one), before the start of 
nivolumab (biopsy two) and after 6 weeks of nivolumab (biopsy three), a biopsy was 
taken from a metastatic lesion, preferably the same lesion throughout the study. 
In the case of irradiation as induction treatment, a biopsy was taken from a non-
irradiated lesion. When a good-quality baseline biopsy (at least 100 invasive tumor 
cells) of a metastatic lesion or recurrence in the breast was obtained, subjects were 
randomly allocated to 1 of 4 induction treatments. Induction treatments consisted 
of irradiation of 1 metastatic lesion (3 fractions of 8 Gy within 10 weekdays after 
randomization), cyclophosphamide (50 mg orally daily for 2 weeks), cisplatin (40 
mg per m2 intravenously weekly for 2 weeks) or doxorubicin (15 mg intravenously 
weekly for 2 weeks). A fifth control cohort was subjected to a 2-week waiting 
period. The irradiation was delivered to an accessible lesion, which was defined 
as a metastatic, preferably visceral, otherwise lymph node or bone, lesion at a 
distant location from the biopsy site. The radiation technique depended on the 
metastasis site (Supplementary Table 6). In general, the lesion was expanded with 
a 5-mm margin to acquire a planning target volume. Tumor coverage was assessed 
by the volume of the planning target volume receiving 95% of the prescribed 
dose. All patients underwent a second biopsy, after which nivolumab (3 mg per 
kg intravenously every 2 weeks) was given until disease progression according to 
iRECIST14 or until unacceptable toxicity. Accrual to a cohort was continued until 
ten patients were included who received at least one cycle of nivolumab, and 
for whom we were able to obtain a good-quality biopsy at baseline and after 
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induction treatment. Twelve patients were allocated to the control or no induction 
cohort, 12 to the irradiation cohort, 13 to the cyclophosphamide cohort, 13 to 
the cisplatin cohort and 17 to the doxorubicin cohort. Clinically stable patients 
with radiographic evidence of progressive disease according to RECIST1.1 were 
permitted to continue nivolumab treatment until radiographic confirmation of 
progressive disease on a second CT scan. When patients had an ongoing response 
after 12 months of treatment, nivolumab was allowed to be discontinued and 
reintroduced when progressive disease occurred. Dose modification for nivolumab 
was not permitted, but dose interruptions were allowed in case of (or suspicion 
of) toxicity. Safety was assessed every 2 weeks and included monitoring of AEs by 
clinical laboratory assessments and physical examinations. AEs were classified and 
graded per National Cancer Institute’s Common Terminology Criteria for Adverse 
Events (NCI-CTCAE), v4.03. Serious AEs were collected up to 30 d after the last 
nivolumab administration. Imaging was performed after the 2-week induction 
treatment period and thereafter every 6 weeks until 6 months, after which imaging 
was performed every 8 weeks. Best overall response, duration of response and the 
date of progression were assessed according to RECIST1.1 and iRECIST, investigator 
assessed. An independent radiologist with extensive experience with response 
assessment in patients treated with ICB reviewed the scans of the responding cases.

End points
The primary end point of the study was PFS, assessed from randomization (PFS1) 
to tumor progression or death from any cause as defined by RECIST1.1. Secondary 
end points of the study were ORR, defined as the percentage of patients with a 
best overall response of CR or PR according to RECIST1.1 and iRECIST; clinical 
benefit rate, defined as the percentage of patients with a best overall response of 
CR, PR and stable disease for 24 weeks, according to RECIST1.1 and iRECIST; PFS1 
as defined by iRECIST; PFS, assessed from nivolumab treatment initiation (PFS2) to 
tumor progression or death from any cause as defined by RECIST1.1 and iRECIST; 
overall survival, defined as the time from nivolumab initiation to death from 
any cause; and the percentage of patients with toxicity according to NCI-CTCAE 
v4.03 and immune-related toxicity. Translational objectives included: the effects 
of the induction treatments on the anticancer immune response evaluated using 
immune-related gene expression signatures; T cell influx determined using H&E 
and immunohistochemistry and TCR sequencing; and the exploration of putative 
predictive biomarkers.

Statistical analysis
For patients with metastatic TNBC, no first-line ‘standard’ therapies have been 
defined. Frequently used anticancer agents are capecitabine or taxanes. The 
median PFS with these therapies typically lies between 4–6 months. No ‘standard’ 
second-line therapy exists for patients with TNBC, but carboplatin (±gemcitabine), 
vinorelbine, capecitabine and taxanes are often used. On the basis of four phase 
2 trials in TNBC allowing one or two previous lines of chemotherapy, a median PFS 
between 2 and 4 months was anticipated41–44. Thus, the investigators considered a 
proportion of >30% of the patients having a PFS of at least 12 weeks as potentially 



Chapter 3

50

interesting. The null hypothesis that the true PFS rate as a binary end point at 12 
weeks is 30% was tested against an alternative of 50%. A Simon two-stage minimax 
design with a one-sided alpha of 15% and 85% power was also optimal with respect 
to the expected sample size. A sample size of ten evaluable patients in the first 
stage required early discontinuation of a particular treatment cohort if less than 
three out of ten patients were free of progression and alive at 12 weeks. Because 
the number of patients in each cohort is larger than ten (due to the collection of 
ten paired biopsies), the decision about discontinuation of a cohort was based on 
the first ten patients. A patient was considered evaluable when at least one cycle 
of nivolumab was administered and both the baseline biopsy (biopsy one) and the 
post-induction biopsy (biopsy two) were available for immunohistochemistry. PFS 
and OS were assessed in all patients who received at least one dose of nivolumab 
(per protocol population). The safety population consisted of all patients who 
started their allocated treatment. PFS, OS, duration of response and median 
follow-up were calculated from the date of randomization and estimated using the 
Kaplan–Meier method. The duration of response was calculated from the first date 
of response to the date of progression. Median time to response was calculated 
as the time between randomization and the first measured objective response in 
responding cases. The DFI was defined as the time between the diagnosis of the 
primary tumor or locoregional recurrence and the date of diagnosis of metastatic 
disease. Patients with de novo metastatic disease at diagnosis were excluded from 
the exploratory analysis testing the association between DFI and ORR. A binary 
logistic regression analysis was performed to assess the effect of CA 15-3 (per 10 
units) on response after correction for possible confounding factors (one model 
corrected for the number of metastatic sites and another model corrected for TIL 
and previous lines of treatment). As the number of metastatic sites and CA 15-3 
were correlated (Spearman’s ρ: 0.46; P = 0.0001), we tested for multicollinearity 
and found a variance inflation factor of 1.02, indicating no multicollinearity. The 
number of metastatic sites (1–2 versus 3 or more sites) and the number of previous 
lines of treatment (0 versus 1–3 lines) were included as categorical variables with 
the lowest category as a reference. Two-sided non- parametric tests were used for 
all analyses of the translational data: that is, the Mann–Whitney U-test was used 
for independent observations and the Wilcoxon’s signed-rank test was used for 
paired observations. The data cut-off date for all analyses was 1 December 2018. 
Microsoft Excel v16.13.1, GraphPad Prism v7.0, IBM SPSS Statistics 23, SAS v9.4 and 
R v3.3.245 were used for statistical analyses. Reported P values are unadjusted, 
unless stated otherwise.

Peripheral blood parameters
Baseline neutrophil, lymphocyte and eosinophil counts and LDH and C-reactive 
protein levels were measured according to local guidelines as part of routine 
diagnostics. The neutrophil-to-lymphocyte ratio was calculated as the ratio of 
neutrophils over lymphocytes. Baseline cytokine levels were assessed in the serum 
by BioLegend’s LEGENDplex bead-based cytokine assay (human CD8/natural killer 
cell panel; lot no. 740267) according to the manufacturer’s instructions.
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TILs and immunohistochemistry
Formalin-fixed paraffin-embedded tissue sections were used for H&E stainings, and 
for CD8 (C8/144B, DAKO), PD-L1 (22C3, DAKO), CD4 (SP35, CellMarque) and FOXP3 
(236A/E7, Abcam) immunohistochemistry. Immunohistochemistry of samples was 
performed on a BenchMark Ultra autostainer (Ventana Medical Systems). Paraffin 
sections of 3 μm were deparaffinized in the instrument with EZ prep solution 
(Ventana Medical Systems). Heat-induced antigen retrieval was carried out using 
Cell Conditioning 1 (Ventana Medical Systems) for 48 min at 95 °C. Slides were 
counterstained with Hematoxylin and Bluing Reagent (Ventana Medical Systems). 
CD4 (red) and FOXP3 (DAB) were double stained. FOXP3 was detected in the first 
sequence (1:200 dilution, 2 h at room temperature). Bound antibody was detected 
using the OptiView DAB Detection Kit (Ventana Medical Systems). In the second 
sequence of the double-staining procedure, CD4 was detected (1:200 dilution, 1 
h at room temperature) with an additional amplification step (Ventana Medical 
Systems). CD4 was visualized using the UltraView Universal Alkaline Phosphatase 
Red Detection Kit (Ventana Medical Systems). Slides were scanned at Aperio 
ScanScope and uploaded on Slide Score (www.slidescore.com). Two pathologists 
independently evaluated the stainings digitally. The absolute CD8 count was scored 
manually by one pathologist. The percentage of tumor cells and sTILs was assessed 
by pathologists trained for TIL assessment on H&E-stained slides according to 
an accepted international standard from the International Immuno-Oncology 
Biomarker Working Group (see www.tilsinbreastcancer.org for all guidelines on TIL 
assessment in solid tumors). CD8 staining was assessed on all intratumoral and 
stromal immune cells, whereas PD-L1 staining was assessed on both tumor cells 
and infiltrating immune cells separately. CD4 and FOXP3 were assessed as the 
percentage of the total stromal area by two pathologists.

DNA and RNA sequencing 
DNA and RNA was isolated from freshly frozen sections of tissue biopsies containing 
at least 30% tumor cells, using the Qiagen AllPrep DNA/RNA/miRNA Universal Kit. 
Genomic DNA from peripheral blood cells was isolated using the QIAsymphony DSP 
circulating DNA kit. For exome sequencing, DNA was fragmented to 200–300-bp 
fragments by Covaris shearing, after which library preparation was performed 
using the KAPA HTP DNA Library Kit, according to the manufacturer’s instructions. 
Exome enrichment was performed using the IDT Human Exome V1.0 Kit according 
to the manufacturer’s instructions. Resultant libraries were sequenced with 100-
bp paired-end reads on a HiSeq2500 in high-output mode using V2 chemistry 
(Illumina), and median sequencing depths of 146 (range: 122–217) for tumor 
samples and 64.7 (range: 44.6–83.2) for germline DNA samples were obtained. 
Raw reads were aligned to GRCh38 using the Burrows–Wheeler Aligner (bwa), 
followed by marking of duplicate reads by Picard MarkDuplicates. Subsequently, 
base quality scores were recalibrated using GATK BaseRecalibrator, and single-
nucleotide variants and indels (insertions or deletions) were called using GATK 
MuTect46. Variants were filtered using MuTect TLOD and NLOD with thresholds of 
40 and 10, respectively, and were required to have passed all other MuTect tests 
(FILTER field equals ‘PASS’). Variants were subsequently annotated using SnpEff 
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4.3t (build 2017-110-24 10:18) and variants were classified according to their 
most severe effect in the case of effects on multiple transcripts. Non-synonymous, 
exonic mutational load in coding genes was determined by summation of coding 
single-nucleotide variants and indels, specifically variants annotated as one of the 
following classes: conservative in-frame deletion, disruptive in-frame deletion, 
disruptive in-frame insertion, frameshift variant, missense variant, protein–protein 
contact, start lost, stop gained, stop lost, stop-retained variant and structural 
interaction variant. Copy number aberrations, discretized to integer allele-specific 
copy number estimates, along with purity and ploidy estimates, were obtained 
using the R package Sequenza (version 2.1.2)47 with default settings. Genomic 
segments were identified as having undergone loss of heterozygosity if any allele 
(that is, the minor allele) had a copy number estimate of 0. Candidate tumor-
specific neo-epitopes were determined and annotated using an in-house epitope 
prediction pipeline, which uses a random forest model to score the probability of 
surface expression of candidate neo-epitopes based on the major prerequisites 
for (neo-)antigen presentation: RNA expression level (Salmon version 0.9.1)48, 
proteasomal processing (NetChop version 3.1)49,50 and human leukocyte antigen 
binding (netMHCpan version 4)51. Candidate neo-epitopes that have a model 
prediction score lower than 0.02 are filtered out. The input variants used for the 
neo-epitope prediction pipeline were filtered using the default MuTect TLOD and 
NLOD thresholds and were required to have passed all other MuTect tests (FILTER 
field equals ‘PASS’). Whole exome sequencing of tumor and germline DNA isolated 
from peripheral blood was available for 50 patients at baseline.

To obtain RNA sequencing data, strand-specific libraries were generated using 
the TruSeq Stranded mRNA sample preparation kit (Illumina) according to the 
manufacturer’s instructions. The 3′ end-adenylated and adapter-ligated RNA was 
amplified by 12 cycles of PCR. The libraries were analyzed on a 2100 Bioanalyzer 
using a 7500 chip (Agilent), diluted and pooled equimolar into a multiplex 
sequencing pool and stored at −20 °C. Resultant libraries were sequenced with 
65-bp single-end reads on a HiSeq2500 in high-output mode using V4 chemistry 
(Illumina). Gene-specific read counts for the Ensembl version 86 build of the 
human transcriptome on reference genome GRCh38 were obtained by running 
Salmon (version 0.11.0)48 directly on the FASTQ files using default settings, after 
which transcript specific read counts were collapsed to gene expression read 
counts using the R Bioconductor package tximport, version 1.4.0. Read counts 
were subsequently trimmed mean of M values (TMM)-normalized using the edgeR 
Bioconductor package, version 3.18.152,53. RNA sequencing data were obtained for 
53 patients at baseline and 44 patients post-induction. 

NanoString gene expression analysis
mRNA expression was measured with the nCounter technology, provided by 
NanoString Technologies. nCounter uses probes with barcodes attached to 
DNA oligonucleotides that directly bind to RNA. Preparation and analyses were 
performed according to the manufacturer’s protocol using The PanCancer IO 360 
gene expression panel that includes 770 genes (for research use only and not for use 
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in diagnostic procedures). Signatures were defined as described previously22,23,26. 
Normalization was performed by correcting for the expression of technical controls 
and 30 housekeeping genes included in the panel. A PAM50 spike-in panel of 30 
genes was used to determine PAM50 subtypes. nCounter gene expression data were 
obtained for 51 patients at baseline, 45 patients post-induction and 30 patients on 
nivolumab.

TCR sequencing
The ImmunoSEQ Assay (Adaptive Biotechnologies) covering the CDR3 region of the 
human TCR β- chain was performed on DNA isolated from baseline, post-induction 
and on-nivolumab tumor samples. For a subset of patients, DNA was isolated from 
peripheral blood mononuclear cells with the Qiagen DNeasy Blood & Tissue Kit. 
Extracted genomic DNA was amplified in a bias-controlled multiplex PCR, followed 
by high-throughput sequencing. Sequences were collapsed and filtered to identify 
and quantitate the absolute abundance of unique TCR-β CDR3 region for further 
analysis. TCR sequencing data of tumor-infiltrating T cells were obtained for 48 
patients at baseline, 43 patients post-induction and 29 patients on nivolumab. 
TCR sequencing data of peripheral blood T cells were obtained for 20 patients 
at baseline, post-induction and on nivolumab. The following T cell repertoire 
summary statistics were extracted from the Adaptive ImmunoSeq Analyzer: 
clonality, number of unique clones (repertoire diversity), as estimated by the 
Efron–Thisted estimator54, and T cell infiltration, as measured by the fraction of T 
cells over nucleated cells.

Gene Set Enrichment Analysis on RNA sequencing data
To analyze which cellular processes were most strongly affected by the four 
induction treatments, a GSEA55 was performed on the 50 hallmark gene sets24 and 
separately on 4 MDSC- associated25 and CD4 T cell-associated27 gene sets using 
the flexgsea-r R package (https://github.com/NKI-CCB/flexgsea-r) on the TMM-
normalized read counts as detailed above. Having defined a custom gene-ranking 
function, genes were ranked according to the P values of a pairwise Wilcoxon 
rank-sum test, as implemented by the wilcox.test() function in R. Specifically, 
the following gene-ranking value was used: r(g) = sign(FCg)(1−Pg), in which the 
sign function returns either 1 or −1 depending on the sign of its operand, FCg 
reflects the median fold change (FC) between the two compared time points and 
Pg represents the P value of the Wilcoxon rank-sum test. During permutation steps 
(n = 1,000), samples from both time points were assigned randomly to time point 
and patient combinations.

PAM50 subtyping on RNA sequencing data
PAM50 subtyping was done on TMM-normalized RNA sequencing data using the 
genefu package in R, version 2.11.256.

Bayesian hierarchical modelling of gene expression FCs
We noticed differences between the induction treatments in the FCs between 
the baseline and post-induction or on nivolumab timepoints of the 12 NanoString 



Chapter 3

54

gene set scores, related to inflammation and T-cell activation. Thus, we wanted 
to quantify to what degree induction cohorts were enriched for high or low FCs. 
As the gene expression scores for these gene sets were highly correlated, we first 
summarized them by taking the median (which we refer to as the ‘inflammation 
score’) per patient and time point. We then modelled the FCs in inflammation 
scores over time between the baseline (biopsy one) and post-induction (biopsy two) 
time points using a hierarchical Bayesian regression model. This model regularizes 
the effects ascribed to the induction treatments by partially pooling effects across 
induction arms, which increases inferential robustness. Specifically, the means of 
observed FCs for each induction treatment, μarm, were assumed to originate from 
a normal distribution, N(μ, σarm), for which both the mean (μ) and the standard 
deviation (σarm) parameters were estimated using scaled Student’s t-distributions 
(t(d.f., m, s)) as their priors, where d.f. denotes the degrees of freedom of the 
Student’s t-distributions, m represents the location of the mode and s represents 
the scaling to be applied to the data beforehand. We employed d.f. = 3, m = 0 and s = 
10, throughout, to get weakly informative priors centered at 0. Next, the observed 
FCs were modelled as generated by induction arm-specific normal distributions 
with mean μarm and standard deviation σFC, the latter of which is shared between 
induction arms (variation in observed FCs within arms appeared equal). Combined, 
this gives the following set of expressions (as graphically represented in Extended 
Data Figure 8a):

μ ~ t(3, 0, 10)
σarm ~ t(3, 0, 10)
μarm ~ N(μ, σarm)
μFC = μarm 
σFC ~ t(3, 0, 10)
FC ~ N(μFC, σFC)

In which μFC, the expected FC for an individual observation, equals μarm in this 
basic version of the model, but will shortly be augmented with additional co-
variates. After fitting the model, we normalized the μarm-estimates of the induction 
treatments to that of the no induction cohort by computing and reporting the 
pairwise fold differences in μarm compared to μarm of the no induction cohort 
(Extended Data Figure 8b). Obtained results were robust to varying d.f. for both 
σarm and σFC  between 1 and 6 (data not shown). 

As we noticed the inflammation score at baseline (SBL) to negatively associate 
with the observed inflammation score FCs (Extended Data Figure 8c), we also 
investigated an extension of this model in which SBL influences the observed FC in 
a global, arm-unspecific manner by augmenting μFC:

b ~ t(3, 0, 10)
μFC = μarm+ b SBL

where all statistical definitions of the previous model, except for the superseded 
μFC, still apply. Second, we tested whether describing the effect of having a clinical 
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response to nivolumab would abrogate the intercohort differences, as we did 
observe higher FCs in responding patients when comparing on-nivolumab (biopsy 
three) and baseline (biopsy one) time points, which is not surprising considering 
the way these gene sets were selected (Figure 3g). Similarly to the previous 
expansion of μFC with b SBL, we thus augmented μFC with rR, in which r describes 
the effect attributed to having a clinical response (modeled as r ~ t(3, 0, 10)) and 
R is an indicator variable for clinical response to nivolumab (Extended Data Figure 
8d). Third, we were interested in testing whether having previous treatment for 
metastatic disease before enrollment in the TONIC trial affected the observed 
upregulation. This was motivated by the fact that we observed a trend towards a 
higher clinical response rate in patients with no previous lines of treatment than 
in patients with one or more lines of previous treatment (Extended Data Figure 
5c). Thus, we further expanded the expression for μFC with lL, in which l describes 
the effect attributed to having multiple treatment lines (prioritized as l ~ t(3, 0, 
10) ) and L is an indicator variable representing whether palliative treatment was 
administered (Extended Data Figure 8e). Finally, we also tested the relationship 
between having metastases restricted to the lymph nodes as opposed to other 
organs (Extended Data Figure 8f), expanding the expression for μFC with nN, in 
which n describes the effect attributed to having metastases restricted to lymph 
nodes (prioritized as n ~ t(3, 0, 10)) and N is an indicator variable for having lymph 
node- restricted metastases.

Testing various combinations of the four extra covariates described in the previous 
paragraph revealed that the inclusion of extra covariates minimally influenced the 
coefficients assigned to other covariates (Extended Data Figure 8h). The exception 
to this is r, which was reduced by about fourfold with the inclusion of other 
covariates. The full model, including all of the extra covariates, shows that the 
baseline inflammation score (SBL) and lymph node-restricted metastases were most 
strongly associated with FCs in the inflammation score, besides the differential FCs 
apparently induced by the tested induction treatments.

These models were evaluated using the probabilistic programming language Stan57, 
interfaced in R using the R package rstan (version 2.17.3). Ten chains of no-U-
turn-sampler Markov chain Monte Carlo (MCMC) simulations were run for 100,000 
iterations, of which 25,000 served as warm-up iterations. Sampling convergence 
was sufficient for all models as Rhat values were all 1. Inter-arm comparisons 
between μarm and μarm′ were performed by extracting parameter values from non-
warm-up MCMC iterations (using rstan::extract) for both arms and computing the 
proportion of iterations for which μarmequaled or exceeded μarm. The stan program 
is available on request.

BRCA1-like classification based on copy number profiles
A BRCA1 classifier originally had been trained using the nearest shrunken centroids 
algorithm on bacterial artificial chromosome (BAC) array comparative genomic 
hybridization data58. Data from platforms of higher resolution can be used to obtain 
reliable BRCA1-like classification59. In this study, GC-content-corrected allele 
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imbalance log ratios, to be used for downstream copy number estimates, were 
obtained from whole-exome sequencing data using the Sequenza R package47. To 
apply the BRCA1-like classifier, these estimates had to be preprocessed to comply 
with the format of the original training set. LiftOver was used to map the genomic 
locations from GRCh38 to hg19, the reference genome on which the BRCA1-like 
classifier was validated. Average log ratios for each of the original 3,277 BAC-array 
segments were computed by averaging the binned log ratios within 500 kb upstream 
and downstream of the central genomic position of the BAC clone. Missing values 
due to a lack of coverage were subsequently replaced using linear interpolation 
between adjacent features on the same chromosome. On average, 487 probes 
were estimated per sample, of which on average 372 had directly surrounding 
probes available for interpolation. The mean and maximum genomic distances 
between estimated and nearest measured segments were 2 Mb (2 segments) 
and 7 Mb (7 segments), respectively. The distribution of resulting whole-exome 
sequencing (WES)-derived segment log ratios differed in the mean from that of 
previously obtained BAC- derived segment log ratios of patients with TNBC60. To 
correct the WES segments, we first fitted a linear model (iteratively reweighted 
least squares) between the sorted segment-wise averages of the WES and BAC 
segments. The WES data were then corrected using the following expression fc = α + 
βfo, in which fo and fc represent the original and corrected segments, respectively, 
and α (0.16) and β (0.97) represent the fitted parameters. This yielded highly 
similar distributions between the newly obtained WES-derived and original BAC-
derived log ratio estimates (Pearson’s r2 = 0.96), but the former remained slightly 
right skewed. Finally, the WES data were classified with the established nearest 
shrunken centroid classifier, using a previously established value of at least 0.63 to 
be classified as BRCA1-like (as used in earlier work60; http://ccb.nki.nl/software/
nkibrca/).

Reporting summary
Further information on research design is available in the Nature Research Reporting 
Summary linked to this article.

Data availability 

DNA and RNA sequencing data have been deposited in the European Genome-
phenome Archive (EGA) under accession number EGAS0001003535 and will be made 
available from the corresponding author on reasonable request. Data requests will 
be reviewed by the institutional review board of the NKI and applying researchers 
will need to sign a data access agreement with the NKI after approval. The TCR 
sequencing data are available from Adaptive Biotechnologies, but restrictions 
apply to their availability. However, data are available from the corresponding 
author on reasonable request and with permission of Adaptive Biotechnologies.
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Extended data fi gures

70 patients allocated to treatment
Intention to treat population

Irradiation

14 patients

Doxorubicin

17 patients

Cyclo-
phosphamide
13 patients

Cisplatin

14 patients

Control/no 
induction
12 patients

68 patients received at least 1 cycle of nivolumab 
Safety analysis population

Irradiation

13 patients

Doxorubicin

17 patients

Cyclo-
phosphamide
13 patients

Cisplatin

13 patients

Control/no 
induction
12 patients

2 patients discontinued during induction:
1 patient rapid disease progression (irradiation)
1 patient symptomatic brain metastasis (cisplatin)

67 patients available for survival analysis
Per protocol population

Irradiation

12 patients

Doxorubicin

17 patients

Cyclo-
phosphamide
13 patients

Cisplatin

13 patients

Control/no 
induction
12 patients

1 patient ER positive tumor upon revision (irradiation)

66 patients available for efficacy analysis
Efficacy analysis population 

Irradiation

12 patients

Doxorubicin

17 patients

Cyclo -
phosphamide
12 patients

Cisplatin

13 patients

Control/no 
induction
12 patients

1 patient had non-evaluable disease according to 
RECIST1.1 (cyclophosphamide)

Extended Data Figure 1. CONSORT diagram. Flowchart for the allocation of subjects enrolled in the trial.

Extended Data Figure 2 (opposite). Clinical and other baseline parameters associated with response. Boxplots 
represent the median, 25th and 75th percentiles and the vertical bars span the 5th and 95th percentiles. Statistical 
signifi cance was tested with a two-tailed Mann–Whitney U-test (unadjusted P values). Boxplots represent the median, 
25th and 75th percentiles and the vertical bars span the 5th and 95th percentiles. Statistical signifi cance was tested 
with a two-tailed Mann–Whitney U-test (unadjusted P values). (a) ORR per subgroup. Depicted is the ORR (CR + PR 
of n = 66) per subgroup. Cut-off s are set at the median for carcinoembryonic antigen (CEA), CA 15-3, sTIL and CD8. 
Statistical signifi cance was determined by a two-sided Fisher’s exact test. *P < 0.05. WHO, WHO performance status. 
1Patients with de novo metastatic disease at diagnosis were excluded (n = 8). (b) PD-L1 expression on immune cells. 
(c) PD-L1 expression on tumor cells. (d) Serum levels of CEA. (e) Correlation of CA 15-3 and CEA with tumor burden 
and the number of metastatic sites. Spearman correlation coeffi  cients are depicted. Tumor burden was measured as 
the sum of all target lesions in millimeters; *P < 0.05; ***P < 0.001. (f) LDH levels. (g) C-reactive protein (CRP) levels. 
(h) Neutrophil counts. (i) Lymphocyte counts. (j) Neutrophil-to-lymphocyte ratio (NLR). (k) Eosinophil counts. The 
dashed line indicates the detection limit. (l) Intratumoral TCR clonality. (m) Percentage of intratumoral T cells by 
TCR sequencing. (n) Intratumoral TCR repertoire diversity. (o) TCR clonality in the peripheral blood. (p) Percentage 
of T cells by TCR sequencing in the peripheral blood. (q) TCR repertoire diversity in the peripheral blood. (r) Non-
synonymous tumor mutational burden (TMB). (s) Predicted neo-epitopes.
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Extended Data Figure 3. Baseline PD-L1 expression.



Immune induction strategies to enhance PD-1 blockade in metastatic TNBC: TONIC-trial

Ch
ap

te
r 

3

65

Extended Data Figure 3 (opposite). Baseline PD-L1 expression. (a) PFS and PD-L1 expression on tumor cells. The 
Kaplan–Meier curve displays the proportion of patients free of progression, stratified by PD-L1 expression on tumor 
cells. A cut-off of 1% is used. The table lists the number of patients at risk. (b) Overall survival and PD-L1 expression on 
tumor cells. The Kaplan–Meier curve displays overall survival, stratified by PD-L1 expression on tumor cells. A cut-off 
of 1% is used. (c) PFS and PD-L1 expression on tumor-infiltrating immune cells. The Kaplan–Meier curve displays the 
proportion of patients free of progression, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off 
of 1% is used. (d) Overall survival and PD-L1 expression on tumor-infiltrating immune cells. The Kaplan–Meier curve 
displays overall survival, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off of 1% is used. 
(e) PFS and PD-L1 expression on tumor-infiltrating immune cells. The Kaplan–Meier curve displays the proportion of 
patients free of progression, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off of 5% is used. 
(f) Overall survival and PD-L1 expression on tumor-infiltrating immune cells. The Kaplan–Meier curve displays overall 
survival, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off of 5% is used. (g) PD-L1 expression 
on tumor-infiltrating immune cells and site of metastasis. PD-L1 expression per biopsy site at baseline is shown. Dots 
reflect the medians and whiskers reflect the interquartile ranges. IC, tumor-infiltrating immune cells; TC, tumor cells.
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Extended Data Figure 5. Anti-tumor activity of nivolumab. (a) Changes in target lesions over time, reflecting the 
depth and duration of response. Every line represents one patient, and every dot is one time point. The colors reflect 
induction treatment. The y axis was cut-off at 100% for illustration purposes. Dotted black lines indicate the response 
as described by RECIST1.1. (b) Waterfall plot depicting the change in target lesions from baseline to post-induction. 
Every bar represents one patient and the colors correspond to induction treatment. The y axis was cut-off at 100% 
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for illustration purposes. Dotted black lines indicate the response as described by RECIST1.1. (c) ORR per cohort and 
according to lines of palliative treatment. The bars with no pattern depict the overall response rate in all patients, 
the bars with a dotted pattern depict the overall response rate in first-line-treated patients and the bars with a 
lined pattern depict the overall response rate in the second-to-fourth-line-treated patients. The numbers above 
the bars reflect the number of responding patients (CR + PR) over the total number of patients in that subgroup. (d) 
Proportion of patients free of progression at 24 weeks. Measured from randomization according to RECIST1.1 (primary 
end point). (e) Proportion of patients free of progression at 12 weeks. Measured from nivolumab initiation (including 
response evaluation performed at 14 weeks from randomization) according to RECIST1.1. (f) Proportion of patients 
free of progression at 12 weeks. Measured from nivolumab initiation (including response evaluation performed at 14 
weeks from randomization) according to iRECIST. (g) Number of patients free of progression at 12 weeks in the first 
10 included patients. Measured from nivolumab initiation (including response evaluation performed at 14 weeks from 
randomization) according to iRECIST. (h) Trial design of TONIC stage 2. Patients are randomized between (1) induction 
treatment of 2 weeks with doxorubicin followed by anti-PD-1 or (2) start with anti-PD-1 without induction treatment..
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Extended Data Figure 6. TCR repertoire diversity during an ongoing anticancer response on nivolumab and 
changes observed after induction treatments. (a) TCR repertoire diversity on nivolumab treatment (biopsy three). 
TCR repertoire size was estimated using the Efron–Thisted method54 and represents the number of unique intratumoral 
clones. The boxes in boxplots represent the median and interquartile ranges and the whiskers represent the 5th and 
95th percentiles. (b) Fold change (FC) in the number of unique intratumoral TCR clones (TCR repertoire diversity) 
after induction treatment versus baseline (biopsy two versus biopsy one). Every dot represents one patient. Patients 
with clinical benefit are highlighted with a red dot. The dotted black line indicates no change. TCR repertoire size 
was estimated using the Efron–Thisted method54. The boxes in the boxplots represent the median and interquartile 
ranges and the whiskers represent the full range. Statistical significance was tested with a Kruskal–Wallis test for all 
groups. (c) FC in the number of unique intratumoral TCR clones (TCR repertoire diversity) after nivolumab treatment 
versus baseline (biopsy three versus biopsy one). Every dot represents one patient. Patients with clinical benefit are 
highlighted with a red dot. The dotted black line indicates no change. TCR repertoire size was computed using the 
Efron–Thisted method54. The boxes in the boxplots represent the median and interquartile ranges and the whiskers 
represent the full range. Statistical significance was tested with a Kruskal–Wallis test for all groups followed by Dunn’s 
tests between the induction treatment groups and the control group (P values are adjusted).
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Extended Data Figure 7. Histological characteristics of tumors during an ongoing anticancer response on 
nivolumab and changes observed after induction treatments. (a) sTILs in on-nivolumab biopsies (biopsy three), as 
determined according to guidelines of the TIL working group on a H&E staining. The boxes in the boxplots represent 
the median and interquartile ranges, and the whiskers represent the 5th and 95th percentiles. Statistical significance 
was tested with a two-tailed Mann–Whitney U-test (unadjusted P value). (b) CD8 cell count per mm2 in on-nivolumab 
biopsies (biopsy three). The boxes in the boxplots represent medians with interquartile ranges, and the whiskers span 
the 5th to 95th percentiles. Statistical significance was tested with a two-tailed Mann–Whitney U-test (unadjusted P 
value). (c) sTILs per cohort. The boxes in the boxplots represent medians with interquartile ranges, and the whiskers 
span the 5th to 95th percentiles. Statistical significance was tested on paired biopsies with the Wilcoxon signed-rank 
test (two-tailed and unadjusted P value). (d) CD8 cell count per mm2 per cohort. The boxes in the boxplots represent 
medians with interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was 
tested on paired biopsies with the Wilcoxon signed-rank test (two-tailed and unadjusted P value). (e) Stromal CD4 per 
cohort. The percentage of CD4 of the total stromal area was assessed. The boxes in the boxplots represent medians 
with interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was tested on 
paired biopsies with the Wilcoxon signed-rank test (two- tailed and unadjusted P value). (f) Stromal FOXP3 per cohort. 
The percentage of FOXP3 of the total stromal area was assessed. The boxes in the boxplots represent medians with 
interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was tested on paired 
biopsies with the Wilcoxon signed-rank test (two-tailed and unadjusted P value).
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Extended Data Figure 8. (opposite) Bayesian hierarchical regression analysis of inflammation-related gene set 
FCs to investigate differences in upregulation between induction arms. (a) Plate model representation of the 
hierarchical model describing the FCs between baseline and post-induction. White-colored variables are inferred from 
the data using the model, and blue-colored variables are incorporated in extensions of the basic model. The boxes 
reflect repetition of the variables, Narms = 5 and Npatients varies between arms. Data were available for 38 patients. 
(b) Distributions of posterior parameter estimates for the basic hierarchical regression model. The percentages in 
the vertical labels represent probabilities of exceeding the control arm (the proportion of the distribution above 
zero). (c) Effect of the baseline inflammation score on the observed FC in the inflammation score. Shown in red is 
the conditional mean (linear regression) with the 95% confidence interval shaded gray. The intercept of this line is 
not explicitly included in the model as it is already implicitly modelled by the μ. (d) Association between clinical 
response and the observed FC in the inflammation score. Red dots indicate the means. The boxes in the boxplots 
represent medians and interquartile ranges, and the whiskers span 1.5 times the interquartile range. (e) Association 
between previous lines of palliative treatment and the observed FC in the inflammation score. Boxplots are as in d. (f) 
Association between lymph node-only metastasis and the observed FC in the inflammation score. Boxplots are as in d. 
(g) Distributions of posterior parameter estimates for the full hierarchical regression model including all considered 
covariates. Format as in b. The points indicate the medians, the red lines indicate the 10–90% percentiles and the 
black lines indicate the 2.5–97.5% percentiles. (h) Robustness of coefficients with inclusion of extra covariates. Shown 
are the medians of the posterior parameter distributions with the 10th and 90th percentiles for 7 different models, 
including and excluding combinations of the non-induction arm covariates.
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Extended Data Figure 9. Treatment-induced changes in myeloid cell-related and CD4 cell-related gene signatures. 
(a) Heatmap of post-induction FCs in gene expression signatures23,26 (NanoString gene expression data) in post-induction 
samples (biopsy two) compared to baseline (biopsy one). Depicted is the log2 FC in the median gene expression of 
paired biopsies. Statistical significance (two-sided Wilcoxon signed-rank test; unadjusted P value) is highlighted with 
a black dot. (b) Heatmap of on-nivolumab FCs in gene expression signatures23,26 (NanoString gene expression data) in 
samples taken on nivolumab (biopsy three) compared to baseline (biopsy one). Depicted is the log2 FC in the median 
gene expression of paired biopsies. Statistical significance (two-sided Wilcoxon signed-rank test; unadjusted P value) 
is highlighted with a black dot. (c) GSEA of selected gene sets related to myeloid cells and CD4 T cells25,27, performed 
on whole-transcriptome RNA sequencing of pre-induction and post-induction samples (biopsy two compared to biopsy 
one). Cells are colored according to normalized enrichment scores, and Benjamini–Hochberg (false discovery rate 
(FDR))-corrected P values equaling or below 0.25 are highlighted with black dots. CD4FH, follicular helper CD4 T cells; 
CD4TIL, tumor-infiltrating CD4 T cells; MO MDSC, monocytic MDSC; PMN MDSC, polymorphonuclear MDSC.
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Supplementary Table 1. Baseline characteristics of the intention-to-treat population per cohort. Clinical baseline 
characteristics of all allocated patients separated by induction treatment cohort (n = 70).

Cohort 1,
Control/no 
induction  
(n = 12)

Cohort 2,
Irradiation  
(n = 14)

Cohort 3,
Cyclophosphamide 

(n = 13)

Cohort 4,
Cisplatin  
(n = 14)

Cohort 5,
Doxorubicin  

(n = 17)

Median age, years (range) 53 (33-69) 47 (33-68) 51 (35-68) 53 (41-70) 46 (29-68)
Female, n (%) 12 (100) 14 (100) 13 (100) 14 (100) 17 (100)
WHO performance status, n (%)

0 7 (58) 6 (43) 6 (46) 8 (57) 14 (82)
1 5 (42) 8 (57) 7 (54) 6 (43) 3 (18)

gBRCA1/2, n (%)
Mutation 3 (25) 0 (0) 0 (0) 1 (7) 2 (12)
Wildtype 7 (58) 12 (86) 11 (85) 8 (57) 12 (71)
Unknown 2 (17) 2 (14) 2 (15) 5 (36) 3 (18)

Location of metastasis, n (%)
Lymph node only 1 (8) 1 (7) 0 (0) 0 (0) 4 (24)
Visceral metastasis 7 (58) 12 (86) 11 (85) 10 (71) 10 (59)
Other metastasis 4 (33) 1 (7) 2 (15) 4 (29) 3 (18)

No. of prior therapies for metastatic 
disease, n (%)

0 4 (33) 4 (29) 2 (15) 1 (7) 6 (35)
1 6 (50) 7 (50) 6 (46) 7 (50) 8 (47)
2-3 2 (17) 3 (21) 5 (38) 6 (43) 3 (18)

Previous neoadjuvant or adjuvant 
therapy, n (%)

11 (92) 13 (93) 11 (85) 10 (71) 14 (82)

Previous chemotherapy exposure, n (%)
Taxane 11 (92) 13 (92) 12 (93) 12 (86) 16 (94)
Anthracycline 11 (92) 14 (100) 11 (85) 10 (71) 14 (82)
Platinum 12 (100) 7 (50) 5 (38) 8 (57) 10 (59)
Capecitabine 6 (50) 6 (43) 8 (62) 8 (57) 6 (35)

Disease free interval, n (%)
De novo metastatic disease 1 (8) 1 (7) 2 (15) 3 (21) 2 (12)
Disease free interval ≤ 12 months 4 (33) 8 (57) 5 (38) 2 (14) 4 (24)
Disease free interval > 12 months 7 (58) 5 (36) 6 (46) 9 (64) 11 (65)

LDH level, n (%)
≤ ULN 7 (58) 7 (50) 8 (62) 6 (43) 11 (65)
≤ 2x ULN 5 (42) 7 (50) 5 (38) 8 (57) 6 (35)

Stromal tumor infiltrating lymphocytes, n (%)
Not available 0 (0) 2 (14) 0 (0) 1 (7) 2 (12)
< 5% 4 (33) 7 (50) 4 (31) 4 (29) 6 (35)
≥ 5% 8 (67) 5 (36) 9 (69) 9 (64) 9 (53)

PD-L1 expression on tumor cells, n (%)
Not available 0 (0) 2 (14) 1 (8) 1 (7) 1 (6)
≥ 1% on tumor cells 8 (67) 10 (71) 9 (69) 8 (57) 9 (53)
≥ 5% on tumor cells 3 (25) 7 (50) 5 (38) 4 (29) 4 (24)

PD-L1 expression on immune cells, n (%)
Not available 0 (0) 2 (14) 1 (8) 1 (7) 1 (6)
≥ 1% on immune cells 11 (92) 10 (71) 12 (92) 12 (86) 15 (88)
≥ 5% on immune cells 9 (75) 8 (57) 8 (62) 11 (79) 11 (65)

No. of nivolumab cycles, median 
(range)

5 (2-20) 2 (0-24) 5 (1-16) 6 (0-42) 6 (1-37)
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Supplementary Table 2. Baseline characteristics of the efficacy analysis population. Clinical baseline characteristics 
of the patients included in the efficacy analysis (n = 66).

Efficacy analysis population (n = 66) No. of patients Percentage
Median age, years (range) 51 (29-70)
WHO performance status, n (%)

0 39 59%
1 27 41%

gBRCA1/2, n (%)
Mutation 6 9%
Wildtype 47 71%
Unknown 13 20%

Location of metastasis, n (%)
Lymph node only 6 9%
Visceral metastasis 47 71%
Other metastasis 13 20%

No. of prior therapies for metastatic disease, n (%)
0 15 23%
1 33 50%
2-3 18 27%

Previous neoadjuvant or adjuvant therapy, n (%) 56 85%
Previous chemotherapy exposure, n (%)

Taxane 60 91%
Anthracycline 56 85%
Platinum 38 58%
Capecitabine 33 50%

Disease Free Interval, n (%)
De novo metastatic disease 8 12%
Disease Free Interval ≤ 12 months 21 32%
Disease Free Interval > 12 months 37 56%

LDH level, n (%)
≤ ULN 38 58%
≤ 2x ULN 28 42%

PD-L1 expression on tumor cells, n (%)
Not available 2 3%
≥ 1% on tumor cells 41 62%
≥ 5% on tumor cells 23 35%

PD-L1 expression on immune cells, n (%)
Not available 2 3%
≥ 1% on immune cells 59 89%
≥ 5% on immune cells 46 70%
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Supplementary Table 3. Maximum grade of nivolumab or induction treatment-related adverse events. Maximum 
grade of treatment-related adverse event, separated by induction treatment cohort. Denoted are the maximum grade 
adverse events during nivolumab treatment and during induction treatment.

Any grade, n (%) Grade 3, n (%) Grade 4, n (%) Grade 5, n (%)
Induction related (n = 68) 19 (28) 2 (3) 0 0

Control/no induction (n = 12) 1 (8) 0 0 0
Irradiation (n = 13) 3 (23) 0 0 0
Cyclophosphamide (n = 13) 3 (23) 1 (8) 0 0
Cisplatin (n = 13) 8 (62) 1 (8) 0 0
Doxorubicin (n =17) 4 (24) 0 0 0

Nivolumab related (n = 68) 55 (81) 9 (13) 2 (3) 2 (3)1
Control/no induction (n = 12) 9 (75) 2 (17) 0 1 (8)
Irradiation (n = 13) 10 (77) 3 (23) 0 1 (8)
Cyclophosphamide (n = 13) 13 (100) 2 (15) 2 (15) 0
Cisplatin (n = 13) 11 (85) 2 (15) 0 0
Doxorubicin (n =17) 12 (71) 0 0 0

1Two patients with clear evidence of progression died on study. One patient died from bacterial peritonitis probably 
due to progressive intestinal metastasis. One patient with progressive pleural fluid and lymphangitic carcinomatosis 
died from acute respiratory insufficiency not otherwise specified while being hospitalized.

Supplementary Table 4. Nivolumab related adverse events. Nivolumab related adverse events of any grade, 
occurring in at least 5% of patients, and all grade 3-5 adverse events, all immune-related adverse events and immune-
related events of special interest. 

N = 68 Any grade, no. (%) Grade 3, no. (%) Grade 4, no. (%) Grade 5, no. (%)
Fatigue 16 (24) 0 0 0
Alanine aminotransferase
increased

13 (19) 0 0 0

Aspartate aminotransferase
increased

13 (19) 1 (1) 0 0

Hypothyroidism 12 (18) 0 0 0
Diarrhea 9 (13) 0 0 0
Dyspnea1 8 (12) 2 (3) 0 0
Gamma-glutamyltransferase
increased

8 (12) 2 (3) 1 (1) 0

Alkaline phosphatase
increased

7 (10) 1 (1) 0 0

Infusion related reaction 7 (10) 0 0 0
Fever 6 (9) 0 0 0
Flu like symptoms 5 (7) 0 0 0
Pain 5 (7) 0 0 0
Serum amylase increased 4 (6) 0 1 (1) 0
Hyperthyroidism 4 (6) 0 0 0
Sarcoidosis 4 (6) 1 (1) 0 0
Lipase increased 3 (4) 1 (1) 0 0
Anemia 2 (3) 1 (1) 0 0
Abdominal infection 1 (1) 0 0 1 (1)
Anorexia 1 (1) 1 (1) 0 0
Febrile neutropenia 1 (1) 1 (1) 0 0
Hypertension 1 (1) 1 (1) 0 0
Hyponatremia 1 (1) 1 (1) 0 0
Respiratory insufficiency 1 (1) 0 0 1 (1)
Syncope 1 (1) 1 (1) 0 0
Immune-related colitis 1 (1) 0 0 0
Immune-related gastritis 1 (1) 0 0 0
Immune-related pneumonitis 1 (1) 0 0 0

1 One patient had lymphangitic carcinomatosis in which an immune-related component could not be excluded.



Immune induction strategies to enhance PD-1 blockade in metastatic TNBC: TONIC-trial

Ch
ap

te
r 

3

75

Supplementary Table 5. Efficacy of nivolumab in the efficacy analysis population. Efficacy analysis was performed 
using the efficacy analysis population (n = 66) as determined by iRECIST. Complete and partial responses had to be 
confirmed on at least one subsequent CT scan. 1 patient was non-evaluable according to RECIST1.1 but had clinical 
benefit for more than 24 weeks. Progression-free survival was calculated in the per protocol population (n = 67) from 
randomization to date of progression according to RECIST1.1 or iRECIST. Eleven patients had unequivocal clinical 
progression before the first response evaluation. Duration of response was assessed using Kaplan Meier curves, with 
censoring of ongoing responses, and calculated from time of first PR or CR until progression according to iRECIST. 

Objective response rate iRECIST, n, % (95% CI) 13 20% (11-31)
Clinical benefit rate iRECIST, n, % (95% CI) 14 21% (12-33)
Best overall response iRECIST, n (%)
Complete response 2 3%
Partial response 11 17%
Stable disease > 24 weeks 1 2%
Non-evaluable, n (%) 1 2%
Median progression-free survival RECIST1.1, months
(95% CI)

1.9 (1.8-2.0)

Median progression-free survival iRECIST, months
(95% CI)

1.9 (1.8-3.2)

Duration of response, months (95% CI) 9.0 (4.7 – NR)
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IL-5-producing CD4+ T cells and 
eosinophils cooperate to enhance 
response to immune checkpoint 

blockade in breast cancer

Chapter 4



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 observed an 
increase in systemic and intratumoral eosinophils in patients and mice responding 
to ICB treatment. Mechanistically, we demonstrate that 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 promoted 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)1,2. Whilst response rates 
can be increased by selecting patients with PD-L1-positive tumors or by combining 
ICB with chemotherapy3,4, most breast cancer patients do not benefit from ICB. A 
better understanding of the mechanisms that underlie response to ICB in patients 
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 cells5. One innate immune cell type gaining 
increasing attention in the context of anti-tumor immunity is the eosinophil6,7. 
Eosinophils are bone marrow-derived granulocytes involved in tissue homeostasis 
and repair, parasite clearance and the pathophysiology of various diseases, including 
allergic asthma and autoimmunity8. In the context of cancer, opposing functions 
of eosinophils have been reported depending on cancer type and disease stage9-18. 
Recently, eosinophils have emerged as unexpected players in an effective response 
to ICB. Increased eosinophil levels during ICB treatment have been correlated with 
response to PD-1, PD-L1 or CTLA-4 targeting antibodies in patients with metastatic 
melanoma19-21, non-small cell lung cancer (NSCLC)22,23 and renal cell carcinoma 
(RCC)24. 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 immunity11-14 and eosinophils were also 
recently reported to promote intratumoral vessel normalization and anti-tumor 
immunity upon CTLA-4 blockade25. Nonetheless, the role of eosinophils in ICB 
response remains poorly understood. Furthermore, the mechanisms leading to 
eosinophil accumulation and recruitment to the tumor upon ICB are still unknown. 
Addressing these outstanding questions may yield novel insights into the role of 
eosinophils in ICB response and more importantly, how to therapeutically exploit 
them. 

In this study, we perform parallel unbiased analyses of the systemic immune 
landscape upon ICB in patients with metastatic TNBC and in spontaneous mouse 
models of primary and metastatic breast cancer (Figure 1A), which mimic the 
poorly immunogenic and highly immunosuppressive characteristics of human 
breast cancer26,27. We show that ICB response in metastatic TNBC patients and 
preclinical breast cancer models is associated with systemic and intratumoral 
eosinophil expansion which in turn correlates with increased intratumoral CD8+ 
T-cell activation. Performing in-depth mechanistic studies in vivo, we uncover a 
critical role for eosinophils in ICB response and decipher which systemic factors are 
inducing eosinophil expansion and tumor infiltration. We validated our preclinical 
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findings in patients with metastatic TNBC and provide evidence of how eosinophils 
can be engaged to enhance ICB efficacy. 

Results

Comprehensive unbiased analysis of blood reveals an 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 II clinical 
trial (TONIC-trial, n=111, Figure S1A-B; characteristics in Supplementary Table 1 
and 2)28. 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-nivo) and 
after three cycles of nivolumab (on-nivo). Extensive analysis of either baseline, 
pre-nivo or on-nivo samples 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 induced upon ICB treatment 
by comparing baseline to on-nivo, we identified three differentially regulated 
immune cell populations associated with response: CD1c+ dendritic cells (DCs), 
regulatory T cells (Tregs) and eosinophils (Figure 1B & S1F). We observed a decrease 
in CD1c+ DCs in non-responding patients (Figure S2A). In contrast, eosinophils and 
Tregs were increased upon ICB treatment specifically in responders (Figure 1C & 
S2B-C). The same three populations emerged when we compared the pre-nivo 
(post-induction) to on-nivo 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 types19-24, 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 the significant increase in 
circulating eosinophils in responders on-nivo, both compared to baseline and 
pre-nivo (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.
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Figure 1. ICB response in metastatic TNBC patients is associated with systemic eosinophil expansion.(a) Schematic 
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change from baseline to on-nivo 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 fl ow cytometry. (c) 
Paired fl ow cytometry analysis of circulating eosinophils (log2 transformed cells/ml) comparing baseline to on-nivo 
in responders and non-responders. (d) Paired hemocytometer analysis of circulating eosinophils comparing baseline 
to on-nivo in responders and non-responders. Statistics for (c) and (d) by Wilcoxon Signed-Rank. (e-f) Kaplan-Meier 
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To evaluate whether increased eosinophils during ICB response extend beyond 
breast cancer, NSCLC22,23, RCC24 and melanoma19-21, we investigated eosinophil 
counts in patients treated with ICB in other phase II clinical trials in 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)29 and in patients with early stage 
mismatch repair-proficient (pMMR) colon cancer (CC) (Figure S3C,D; NICHE-trial)30. 
In contrast, 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)30,31, 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 IO360 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 basophils32. We 
detected a statistically significant increase in SIGLEC8 upon ICB in tumors from 
responders but not in non-responding tumors (Figure 2A). To complement this 
analysis, we applied an eosinophil signature containing genes highly expressed by 
eosinophils to the RNA-sequencing dataset (Supplementary Table  3). Intratumoral 
expression of these genes increased upon ICB treatment 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 has been shown for metastatic melanoma19. We applied a widely 
used T-cell inflamed gene signature33, an IFNγ signature33 and a newly devised 
structural CD8+ T-cell gene signature consisting of genes related to the CD8+ T-cell 
receptor complex (Supplementary Table 3). 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 is not 
only associated with an increase in circulating eosinophils but also accompanied 
by an increase of eosinophil-related genes in the tumor microenvironment. This 
increase in eosinophil-related genes is correlated with an increase in 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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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 IO360 gene expression analysis 
from pre-nivo and on-nivo biopsies. Wilcoxon Signed-Rank test. (b) Mean of normalized expression values of eosinophil 
signature genes (Supplementary Table 3) from paired biopsies of metastases as assessed by RNA-sequencing analysis. 
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Boxplots with median and IQR, whiskers with full range. Wilcoxon Signed-Rank test. (c-h) Correlation between the 
fold change (baseline to on nivo) in an eosinophil gene signature (described in b) and the fold change (baseline to 
on nivo) in a T-cell inflamed gene signature (expanded immune gene signature of Ayers et al.33 (c,d), a structural 
CD8+ T cell gene signature (Supplementary Table  3) (e,f), or an IFNg gene signature33 (g,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. Statistics by Spearman’s correlation coefficient.

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 made use of the transgenic Keratin14-cre;Cdh1F/F;Trp53F/F (KEP) 
mouse model for de novo mammary tumorigenesis34 (Figure 3A) and the KEP-based 
mastectomy model for spontaneous multi-organ metastatic disease35 (Figure 3E 
& S4A,B). Despite expression of PD-1 and CTLA-4 on tumor-infiltrating T cells, 
KEP mice bearing established mammary tumors did not respond to blockade of 
PD-1 and CTLA-4 (referred to as ICB; Figure 3B). Similarly, metastasis-bearing mice 
did not respond to ICB alone (Figure 3F), recapitulating the poor response to ICB 
observed in metastatic breast cancer patients. Platinum-based drugs synergize 
with ICB in preclinical mouse models36,37 due to their beneficial immunomodulatory 
effects38,39, which is in line with improved response rates when ICB is combined 
with chemotherapy in metastatic TNBC patients3,4. 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 
3B) and led to durable responses in mice bearing established metastases (Figure 
3F). The therapeutic synergy between cisplatin and ICB was characterized by a 
systemic increase in effector CD44+ CD62L- T cells and increased expression of 
activation markers and cytokines, such as IFNγ and TNFα by both CD4+ and CD8+ 
T cells (Figure S4D,E). Depletion of CD8+ T cells abrogated the synergistic effect 
observed upon combined ICB and cisplatin in mammary tumor-bearing KEP mice 
(Figure 3B), confirming a critical role of CD8+ T cells as effector cells in ICB-cisplatin 
combination therapy. 

In addition to an increase in activated T cells, in-depth profiling of the immune 
landscape in primary tumors, metastases, and blood by flow cytometry of both 
mouse models revealed that only eosinophils consistently increased in frequency 
upon combined ICB and cisplatin (Figure 3C,D & 3G,H). Whilst ICB induced 
accumulation of eosinophils in the circulation (Figure 3C & 3G), increased 
eosinophil infiltration in primary tumors and metastatic lesions was only observed 
when ICB was combined with cisplatin (Figure 3D & 3H). In addition, we observed 
an increase in eosinophils in the tumor-draining lymph node (TDLN) and spleen 
of KEP mice treated with cisplatin and 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 ICB-cisplatin combination therapy (Figure S4G). 
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Figure 3. ICB synergizes with cisplatin and induces eosinophil expansion in preclinical mouse models. (a) 
Experimental set-up of transgenic KEP model and treatment scheme. (b) 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 225mm2. (c-d) Frequency of indicated immune cell populations in the blood (c) and primary tumor (d) of KEP mice 
at tumor-related endpoint as determined by flow cytometry. Eosinophils were defined as CD11b+ Ly6Glow SiglecF+ SSChigh 
in blood and CD11b+ Ly6Glow SiglecF+ F4/80int in tumor. (e) Experimental set-up of KEP-based metastasis model and 
treatment scheme. (f) 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 distress caused by metastatic disease (respiratory 
distress) or when lymph node metastasis reached the size of 225mm2. (g-h) Frequency of indicated immune cell 
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populations in the blood (g) or metastasis (h) of mice at metastasis-related endpoint as determined by flow cytometry. 
Censored events are mice sacrificed for weight loss (b & f) or local recurrence of the mastectomized tumor (f). All data 
are mean ±S.E.M.. For immune cell analyses: 1-way ANOVA or Kruskal-Wallis followed by Dunnett’s or Dunn’s multiple 
comparisons test, comparing each group against control-treated mice. For survival analyses: Log-rank (Mantel Cox) 
test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

To evaluate whether the treatment with cisplatin and 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 
expressed genes (fold change ≥1 and p-value ≤ 0.05) of which 498 were upregulated 
and 360 downregulated in eosinophils of ICB-cisplatin combination-treated mice 
compared to eosinophils of control antibody-treated mice (Figure S4H). Gene-set 
enrichment analysis identified IFNγ response as the top hit among the immune-
related pathways enriched in eosinophils upon ICB-cisplatin combination (Figure 
S4I-J). Other immune-related pathways included TGFβ signaling, TNFα signaling via 
NF-κB, IL6-JAK-STAT3 signaling, and inflammatory response (Figure S4I). Moreover, 
we observed enrichment of oxidative phosphorylation pathway in eosinophils from 
control antibody-treated mice compared to combination-treated mice (Figure 
S4K). These observations indicate that, in ICB-cisplatin treated mice, eosinophils 
are not only increased in number, but also phenotypically altered. Collectively, 
these data demonstrate that ICB synergizes with cisplatin resulting in improved 
survival and is associated with systemic and intratumoral expansion of eosinophils, 
in line with our clinical observations.

Eosinophil depletion abrogates CD8+ T-cell activation and ICB response
To elucidate whether eosinophilia induced by ICB-cisplatin combination therapy 
is critical for the observed therapeutic benefit, we depleted eosinophils with 
an antibody targeting SiglecF, a commonly used strategy that induces apoptosis 
in eosinophils11,12,25,40,41. Anti-SiglecF treatment effectively depleted eosinophils 
without altering other immune cells including neutrophils (Figure S5A-C). In line 
with literature42, 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 possibility 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 (Figure 
S5E,F). Importantly, eosinophils were also effectively depleted during anti-SiglecF 
treatment in combination with cisplatin +/- ICB (Figure 4A & S5G). 

The administration of anti-SiglecF alone did not affect KEP tumor growth (Figure 
S5H). Strikingly, depletion of eosinophils abrogated the synergistic effect observed 
between cisplatin and ICB, both in terms of primary tumor outgrowth and survival, 
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 ICB-cisplatin combination in mice with metastatic breast 
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cancer 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 ICB and cisplatin 
combination therapy, both in primary and metastatic breast cancer models.

Because the synergistic effect of ICB and cisplatin 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 has been previously shown that 
eosinophils can promote T-cell activation and recruitment into tumors11,13,18,25,40, 
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 mammary tumors during 
the responsive phase of therapy. Immunohistochemical staining of CD8 in primary 
tumors demonstrated that CD8 counts were 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, depletion of eosinophils completely reverted the increased 
activation state of intratumoral CD8+ T cells induced by ICB-cisplatin combination, 
most notably in terms of CD44 expression and IFNγ production (Figure 4G,H). 
These data demonstrate that eosinophils are essential for increased intratumoral 
CD8+ T-cell activation during ICB and cisplatin combination therapy.  

Additionally, CD4 and FOXP3 cell counts were increased upon cisplatin treatment 
compared to control during the responsive phase of therapy, but did not change 
further when cisplatin was combined with ICB and was independent of eosinophil 
presence (Figure S5I,J). While combined ICB and cisplatin 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 IFNγ+ CD8+ T cells in the TDLN upon cisplatin and ICB 
combination that was abrogated upon eosinophil depletion (Figure S5O). In 
contrast, the frequency of CD44+ CD4+ T cells or CD44+ Tregs in TDLN was not 
increased by the combination treatment nor affected by eosinophil depletion 
(Figure S5P,Q). Collectively, these observations show that eosinophils are critical 
for the therapeutic action of ICB in combination with cisplatin, 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 indicated 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 3b); CIS + anti-SiglecF, n=8, 2 censored; CIS + ICB, same 
curve as in Figure 3B; 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 3E; CIS 
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5-9 high power microscopic fi elds 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 mm2. Mean ±S.E.M. Student’s t-test. (g) Frequency of 
CD8+ T cells in the primary tumor expressing the indicated activation markers upon diff erent treatments, determined 
by fl ow cytometry (n=4-5). Boxes represent median and interquartile range; whiskers represent 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 signifi cant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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IL-5 is required for ICB-induced eosinophil accumulation and therapeutic benefit
To investigate how ICB mediates the systemic eosinophil increase, we analyzed 
mice bearing established metastases at different timepoints during the metastatic 
cascade and treatment. We observed that the eosinophil frequency in the blood 
was increased after 7 days of ICB treatment and was maintained at high levels 
until at least 21 days of ICB treatment (Figure S6A). Concomitantly, we observed an 
increase in eosinophils in the bone marrow (Figure 5A) and an increase of Lin-Sca1-

CD34+cKitIntCD125+Gr1- cells, which have been previously described as eosinophil 
progenitor cells (Figure 5B & S6B)43. Furthermore, both immature (cKitintCCR3low) 
and fully mature (cKit-CCR3+) eosinophils increased in the bone marrow upon ICB 
treatment (Figure 5C-E). All other analyzed hematopoietic progenitor and immune 
cell populations in the bone marrow 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 cytokine which was significantly increased upon ICB treatment 
was IL-5 (Figure 5F & S6D), which is a major regulator of eosinophil biology44. To 
investigate whether ICB treatment in human tumors induces IL-5 upregulation, we 
made use of the patient-derived tumor fragment (PDTF) platform45. 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 described45,46) correlates 
with the clinical response of the patient 45. We assessed the protein levels of IL-5 
upon ex vivo ICB stimulation in tumors of patients with different types of tumors. 
We observed an increase in IL-5 expression specifically in tumors that showed an 
immunological response to ex vivo ICB treatment (PDTF-R) as compared to non-
responding tumors (PDTF-NR), both upon anti-PD1 alone and upon combined anti-
PD1/anti-CTLA4 treatment (Figure 5G), demonstrating that IL-5 can be induced in 
human tumors by ICB.

To assess whether IL-5 drives eosinophil expansion upon ICB treatment 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 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). To assess the 
functional relevance of IL-5 for the therapeutic benefit observed upon CIS + ICB, 
we treated KEP mice with IL-5 targeting antibody and monitored tumor-related 
survival. Eosinophil levels were reduced upon IL-5 blockade both systemically and 
intratumorally (Figure 5L,M), without effecting 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 
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depletion (Figure 4D). Collectively, these findings demonstrate that IL-5 is a key 
driver of eosinophil accumulation and therapeutic benefit of CIS + ICB therapy.

IL-5 producing CD4+ T cells drive eosinophil production in the bone marrow and 
their 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 non-lymphoid innate immune cells, such as mast 
cells and eosinophils44. To evaluate whether adaptive or innate immune cells are 
needed to induce eosinophils 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 5O), 
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 IL-5 mRNA in circulating CD4+CD25- T cells upon ICB treatment in mice with 
metastatic disease (Figure 5P). To establish a mechanistic link between CD4+ T 
cells and eosinophils, we depleted CD4+ T cells by treating metastasis-bearing mice 
with anti-CD4 during ICB treatment (Figure S6G) and measured IL-5 and eosinophil 
levels. Depletion of CD4+ T cells reduced plasma IL-5 levels and the number of 
eosinophils in bone marrow and blood (Figure 5Q,R), suggesting a role for CD4+ T 
cells in eosinophil homeostasis. Importantly, in the absence of CD4+ T cells, there 
is reduced induction of IL-5 by ICB (Figure 5Q). Of note, CD4+ T cell-depleted 
mice still display a slight but significant increase of IL-5 in the serum upon ICB 
treatment when compared to control antibody treated CD4+ T cell depleted mice 
(Figure 5Q). Since the efficiency of the CD4+ cell depletion is high at the timepoint 
analyzed (Figure S6G), we speculate that other sources of IL-5, such as ILC2s, 
mast cells and eosinophils themselves, may produce the residual IL-5 we observe. 
Importantly, in line with the reduced induction of IL-5 upon ICB in the absence of 
CD4+ T cells, systemic eosinophil numbers do 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+cKitIntCD125+Gr1- eosinophil progenitors in the bone 
marrow did not increase upon ICB treatment after CD4+ T cell-depletion (Figure 
S6I). 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 ICB 
and cisplatin (Figure S6J), confirming that CD4+ T cells are required for eosinophil 
increase not only upon ICB treatment alone, but also during combined ICB and 
cisplatin treatment. To exclude the potential contribution of Tregs in ICB-induced 
eosinophilia, we used KEP tumor-bearing Foxp3-DTR-GFP mice allowing specific 
depletion of FOXP3 expressing Treg cells (Figure S6K,L)47. Upon Treg depletion, blood 
eosinophil numbers during ICB were further increased compared to Treg proficient 
mice (Figure S6M), indicating that Tregs do not facilitate ICB-induced eosinophil 
expansion, but hamper ICB-induced eosinophilia. 
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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 treated in the 
control arm of the TONIC trial at baseline and after one cycle of nivolumab and 
performed RT-qPCR for IL-5 mRNA in sorted CD4+ T cells. In 5 out of 6 patients, we 
observed an increase in IL-5 transcript in CD4+ T cells at the on-nivolumab timepoint 
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 
(TONIC-trial) with nivolumab for 48 hours and analyzed intracellular IL-5 in CD4+ T 
cells by fl ow cytometry. These data show a statistically signifi cant 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. 
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Figure 5. (continued on next page) CD4+ T cell-derived IL-5 is required for ICB-induced eosinophil expansion and 
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Figure 5. CD4+ T cell-derived IL-5 is required for ICB-induced eosinophil expansion and therapeutic benefi t. (a-e) 
Mice with KEP-derived metastatic disease were treated as indicated (Ctrl Ab, n=10-13; ICB, n=10-13) and sacrifi ced 
10 days after start of treatment. Frequency of total eosinophils (Live Lin-CD127-CD11b+CD115-SiglecF+) (a), Live Lin-

Sca1-CD34+cKitIntCD125+Gr1- eosinophil progenitors (b), representative dot plot (c) and quantifi cation of cKitintCCR3low

(d) and cKit-CCR3+ (e) eosinophils in bone marrow as determined by fl ow cytometry. (f) Relative expression of the 
indicated cytokines in the plasma of mice treated as described above (Ctrl Ab n=9, ICB n=10), as determined by Legend 
Plex, and normalized to Ctrl Ab-treated mice. (g) Fold change in IL-5 secretion by patient derived tumor fragments 
(PDTF) treated ex vivo with aPD-1 + aCTLA-4 (left) or aPD-1 (right) compared to untreated condition, measured by 
LEGENDplex assay, comparing PDTF-R (responders) and PDTF-NR (non-responders), defi ned as described previously45,46. 
Tumor samples were collected from surgical material of patients with various tumor types (see detailed description 
in the Methods). (h-j) Mice with KEP-derived metastatic disease were treated with IgG2a and IgG1 control antibodies 
(Ctrl Abs, n=14), ICB + IgG1 (n=14), IgG2a + anti-IL-5 antibody (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) as determined by fl ow 
cytometry. Lung eosinophils were defi ned as CD45+CD11b+Ly6G-SiglecF+F4/80int. (k) IL-5 levels in serum of tumor-
bearing KEP mice analyzed 21 days after start of indicated treatments as 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 fl ow cytometry (n=4-5). Data from CIS + Ctrl Ab and CIS + ICB are the same mice as in Figure 3c & 
d. (n) Kaplan-Meier survival curves of KEP mice treated as indicated (CIS + Ctrl Ab, same curve as in Figure 3B); CIS 
+ ICB, same curve as in Figure 3B; 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). Treatment started when mice developed a 
tumor of 16 mm2 and the number of eosinophils was determined by fl ow cytometry when tumors reached an area of 
144 mm2. (p) Il5 gene expression in CD4+CD25- T cells sorted from blood of mice with KEP-derived metastatic disease 
treated as described above (Ctrl Ab n=4, ICB n=4), determined by RT-qPCR. Relative expression to Ctrl Ab-treated 
mice is shown. (q-r) Mice with KEP-derived metastatic disease 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 sacrifi ced 10 days after start of the 
treatment. (q) Levels of IL-5 in plasma, measured by ELISA. (r) Number of eosinophils in the blood, as determined 
by fl ow 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 from patients with metastatic TNBC 
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 treated ex vivo with aPD1 compared to untreated condition, measured by intracellular 
fl ow cytometry. PBMCs were isolated at baseline from patients with metastatic TNBC in the control arm of the TONIC 
trial and stimulated with anti-CD3+anti-CD28 with or without anti-PD1 (nivolumab, as indicated) for 48 hours (n=7). 
All data are mean ±S.E.M, statistical analysis by unpaired t-test or Mann-Whitney, unless diff erently indicated. ns, not 
signifi cant, *p<0.05, **p<0.01, ***p<0.001, ****p<000.1.
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IL-33 drives eosinophil recruitment to the TME and is required for the therapeutic 
benefi t of CIS + ICB
Although ICB alone leads to systemic eosinophil accumulation, eosinophil recruitment 
to the tumor and their subsequent contribution to therapeutic benefi t was only 
observed upon cisplatin and ICB combination therapy (Figure 3). We therefore 
asked which eosinophil-recruiting or activating factors trigger the intratumoral 
accumulation of eosinophils upon cisplatin and ICB treatment. Analysis of a broad 
panel of eosinophil-related cytokines and chemokines revealed that IL-33 was 
specifi cally increased upon cisplatin and ICB therapy 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 cisplatin and ICB (Figure 6B and S7A). Importantly, in patients with metastatic 
TNBC responding to ICB we observed a strong positive correlation between the 
eosinophil gene signature and IL-33 expression in metastatic lesions which was 
not observed in non-responders, suggesting a link between IL-33 expression and 
eosinophil infi ltration in the TME of patients (Figure 6C). Of note, in both patients 
and mice, cisplatin alone was not suffi  cient to induce a statistically signifi cant 
increase in IL33 levels (Figure 6B & S7A,B). IL-33 is an alarmin that amplifi es immune 
responses during infl ammation48. IL-33 directly promotes eosinophil activation, 
adhesion and survival49 50, and IL-33 contributes to several eosinophilic disorders51. 
In the cancer context, IL-33 has been associated with both pro- and anti-tumor 
functions14,52,53. To assess the functional role of IL-33 in intratumoral eosinophil 
accumulation, we made use of the IL-33-TRAP fusion protein, a high-affi  nity IL-
33 antagonist54. In line with our earlier observation that IL-5 is responsible for 
ICB-induced systemic eosinophilia (Figure 5), IL-33 neutralization did not aff ect 
systemic eosinophil accumulation during cisplatin and ICB therapy (Figure 6D). 
However, intratumoral eosinophil infi ltration was abrogated upon blockade of IL-33 
(Figure 6E), indicating that IL-33 is required, directly or indirectly, for eosinophil 
recruitment to the tumor. Importantly, IL-33 neutralization also prevented the 
ICB and cisplatin-induced CD8+ T-cell activation in tumors without aff ecting other 
immune cell populations (Figure 6F & S7C,D), phenocopying the eff ect achieved 
with eosinophil depletion (Figure 4). Importantly, IL-33-TRAP is blocking the 
therapeutic benefi t provided by CIS + ICB (Figure 6G). In summary, these data 
demonstrate that IL-33 is required for eosinophil infi ltration in the tumor, CD8+ T 
cell activation, and therapeutic benefi t observed upon cisplatin and ICB treatment. 
These preclinical fi ndings are supported by our clinical observation that increased 
intratumoral eosinophil infi ltration 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 infi ltration and is required for the therapeutic benefi t 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), as 
determined by Legend Plex. Plasma cytokine levels were 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 Legend Plex (n=9-10). 
1-way ANOVA followed by Dunnett’s multiple comparisons test, comparing each group against untreated. (c) Paired 
biopsies of metastases from TNBC patients treated with nivolumab in the TONIC-trial were assessed by RNA-sequencing 
analysis. Correlation between the fold change (baseline to on nivo) in an eosinophil gene signature (described in Figure 
2B) and the fold change (baseline to on nivo) in IL-33 in 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 fl ow cytometry (n=6-9). Mean ±S.E.M., Mann-
Whitney. (f) Frequency of CD8+ T cells in the tumor expressing the indicated activation markers, determined by fl ow 
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 represent full range. 2-way ANOVA followed by Tukey’s multiple comparison test. (g) 
Average 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 signifi cant, *p<0.05, **p<0.01, ***p<0.001, ****p<000.1.

Recombinant IL-33 engages eosinophils and enhances response to ICB
In light of our fi nding that IL-33 drives eosinophil infi ltration 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 benefi t of ICB in breast cancer, in absence of 
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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 infi ltration 
(Figure 7A-C). However, only the combination of ICB and rIL-33 increased CD8+

T-cell activation, and most notably increased the frequency of eff ector CD44+ and 
PD-1+ CD8+ T cells (Figure 7D), without altering other immune cell populations 
assessed (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.
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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, as determined by fl ow cytometry. Mean ±S.E.M., t-test. (d) Frequency 
of indicated activation markers expressed on CD8+ T cells in the tumor in responsive phase of therapy, determined by 
fl ow cytometry (n=5-7). Boxes represent median and interquartile range; whiskers represent 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. (g) Schematic summarizing fi gure showing how ICB and chemotherapy treatment induces 
IL-5 production by CD4+ T cells, leading to eosinophil production in the bone marrow and systemic accumulation, IL-
33-driven eosinophil tumor infi ltration and consequent intratumoral CD8+ T cell activation, which drives therapeutic 
benefi t. Created with Biorender.com. ns, not signifi cant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Discussion

In this study, we take a translational approach by combining longitudinal analysis 
of fresh blood and tumor biopsy samples of a unique patient cohort with functional 
experiments in clinically relevant mouse models. We demonstrate that ICB-induced 
eosinophils are critical for intratumoral CD8+ T-cell activation and treatment 
response in breast cancer. Using preclinical mouse models, we mechanistically 
demonstrate that ICB-induced eosinophilia is mediated via CD4+ T cell-derived 
IL-5 which results in increased eosinophil production from the bone marrow and 
systemic eosinophil expansion. Additional induction of the alarmin IL-33, either 
via combination of cisplatin and ICB or rIL-33 administration, facilitates the 
intratumoral accumulation of ICB-induced eosinophils which, in turn, improves 
intratumoral CD8+ T-cell activation and response to ICB. In line with these preclinical 
fi ndings, we demonstrate that nivolumab treatment induces IL-5 upregulation in 
CD4+ T cells of TNBC patients. Moreover, the link between IL-33 and eosinophil 
infi ltration in the TME was validated in patients responding to ICB. In summary, we 
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identifi ed the IL-5 and IL-33-eosinophil axis as a crucial mediator of ICB response in 
breast cancer (Figure 7G) and expose new avenues to improve the effi  cacy of ICB.

The eff ect of ICB on myeloid cells and the infl uence 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 production44,55. 
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/aPD1 (Figure 5S,T), 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 also been 
proposed in the context of allergy, where in vitro exposure of human allergen-
specifi c CD4+ T cells to PD-L1 blockade stimulated their production of IL-5, among 
other cytokines56. 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 mouse models. 

Although other granulocytes, namely neutrophils and basophils, also derive 
from the common-myeloid progenitor (CMP) population, express IL5R and can 
respond to IL-5 in certain infl ammatory conditions57,58, IL-5 is the central cytokine 
specifi c to eosinophil development in the bone marrow59.  However, IL-33 is also 
implicated in eosinophil development, capable of inducing IL-5 and upregulating 
IL-5Rα on eosinophil progenitors60. Interestingly, we observe that ICB, in absence 
of chemotherapy, increases IL-5 expression but not IL-33, indicating that ICB-
induced systemic IL-5 is not dependent on IL-33. This is further supported by our 
observation that there were no changes in systemic eosinophil abundance upon 
IL-33 blockade during cisplatin and ICB treatment (Figure 6D), confi rming 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 suffi  cient 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 infi ltration. We 
uncover that induction of IL-33 is needed to overcome this threshold and enable 
eosinophil infi ltration into the tumor. IL-33 can either directly aff ect eosinophil 
activation and recruitment, as has been shown for eosinophils in infl ammatory 
diseases49,50, or indirectly by acting on other cells of the tumor microenvironment, 
for instance by promoting chemokine expression in tumor cells16. IL-33 can be 
passively released by epithelial cells upon cellular damage61 or actively secreted 
by immune cells during infection62 and tumor cells themselves63. 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 
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increased IL-33. By combining cisplatin with 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 IL33 is influenced 
by levels of soluble ST2 (also known as IL1rl1), which acts as a decoy receptor 
for IL-33, and for which different genetic variants exist in humans64. 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 models65,66, 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 functions67.  The systemic administration of rIL-33, 
as performed in this study, induced an effective but modest anti-tumor response, 
especially in comparison with cisplatin in combination with ICB, likely because 
of the direct anti-tumor effect and additional immunomodulatory properties of 
cisplatin68,69. 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-33 administration, although, in the context of multi-organ metastatic 
disease, local administration of rIL-33 would be challenging.

It has previously 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 landscape6. Eosinophils can facilitate 
recruitment of CD8+ T cells by expression of T-cell chemo attractants11,25 or promote 
T-cell activation in the tumor13. We demonstrate that eosinophils enhance CD8+ 
T-cell activation (Figure 4G), rather than their recruitment (Figure 4F), in mammary 
tumors responding to ICB and chemotherapy. 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 IFNγ gene signatures in metastatic lesions 
of breast cancer patients responding to ICB (Figure 2). This suggests that in TNBC 
patients, eosinophils also contribute to ICB response via activation of CD8+ T cells, 
as was previously proposed for melanoma patients19. 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 inflammation70-72. 
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In our study, the treatment of mice and patients differed. Where in our mouse 
models cisplatin and dual ICB was needed to induce responses, patients were 
treated with ICB alone or preluded by a brief course of different chemotherapy 
regimens or irradiation. 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 we describe in our 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 (Figure 
S3) and further indicated by a recent small series of 14 TNBC patients in which an 
eosinophil increase was observed upon response to anti-PD-L1 and paclitaxel73. In 
addition, we have validated in patients the different elements of the mechanism 
that we identified in our preclinical mouse 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 (PDTF-R) upon ex vivo ICB stimulation 
with either aPD-1 or combined aPD-1 + aCTLA-4, further strengthens 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 response19-24. 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 only observed in responders, but also in a proportion 
of non-responders as previously observed, limiting its potential for clinical decision 
making 19-24. Therefore, the increase in 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 mouse models is a powerful strategy 
to unravel novel mechanisms of ICB response. We demonstrate that eosinophils are 
required for ICB response by a newly identified mechanism, in which ICB induces 
eosinophil mobilization from the bone marrow and systemic eosinophil release via 
IL-5 producing CD4+ T cells. Additionally, we identified IL-33 as being responsible 
for eosinophil infiltration in the tumor site, with subsequent increased CD8+ T-cell 
activation. Our findings highlight 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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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.

• 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 mouse models. The transgenic Keratin14-cre;Cdh1F/F;Trp53F/F (KEP)  
model for primary mammary tumorigenesis34 (FVB/N genetic background), KEP-
based orthotopic mammary tumor model and the KEP-based model for spontaneous 
breast cancer metastasis35 were used as previously described26,27. Female KEP mice 
were monitored twice per week for spontaneous tumor formation by palpation 
starting at the age of 3.5 months. The perpendicular diameters of the tumors 
were measured using a caliper and tumor area was calculated accordingly. In the 
spontaneous KEP model, all treatments started when tumor area reached 50mm2.

For the KEP-based orthotopic mammary tumor model, mammary tumor pieces 
of 1mm2 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 
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mice were sacrificed when the cumulative tumor burden reached 225mm2. KEP 
mice were sacrificed 21 days after initiation treatment to analyze the ‘responsive 
phase’ or at a tumor size of 150mm2 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 100mg per mouse, twice per week. Anti-CD8 
(2.43, BioXCell) or anti-CD4 (GK1.5, BioXCell) antibody were given intraperitoneally 
at 200mg per mouse, twice per week. Anti-mouse SiglecF (238047, R&D systems) 
and control antibody (2A3, BioXCell) were administered intraperitoneally at 20mg 
per mouse, three times a week. Anti-IL-5 (TRFK5, BioXCell) and control antibody 
(HRPN, BioXCell) were given intraperitoneally at 500mg per mouse, twice per week. 
Recombinant mouse IL-33 (Biolegend) was given intraperitoneally at 0,4 mg per 
mouse, three times a week. IL-33-TRAP (provided by Rudi Beyaert laboratory, VIB, 
Belgium) was given intraperitoneally at 50mg per mouse daily. For the Treg depletion 
in Foxp3-GFP-DTR mice, DT (Diptheria toxin from Corynebacterium diphteriae) 
was given intraperitoneally at 25mg/kg, at day 0 and day 4 after start of treatment. 
All antibody treatments continued until the experimental endpoint was reached. 

For metastasis experiments, Female FVB/N mice of 8-12 weeks of age were 
obtained from Janvier Labs. Mammary tumor pieces of 1mm2 size derived from KEP 
mice were orthotopically transplanted into the mammary glands. Mammary tumors 
were surgically removed when they reached the size of 100mm2. 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 225mm2. 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. 

Rag1 k.o. in FVB/N genetic background were a gift from L. Coussens 74. Cdh1F/

F;Trp53F/F;Foxp3DTR-GFP mice75 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. 

Clinical trial procedures. Trial procedures were performed as described previously 
in the respective publications28-31. All patients included in stage 128 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 
28. 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 (Supplementary Table 1), paired flow cytometry 
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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 Supplementary Table  2 
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)29 
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 radiation29. 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)31. Finally, patients with 
early-stage colon cancer (either dMMR (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)30. 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 RECIST1.176. Best overall response in the TONIC-trial 
was measured according to iRECIST77. Response in the NICHE-trial was defined as 
any pathological response (>10% tumor regression), assessed on surgical material 
after neo-adjuvant treatment. 

Study approval. 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. 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
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 K2EDTA-containing tubes (BD Microtainer 
Blood Collection Tubes). Tumor tissues and lungs were mechanically minced using 
the McIlwain tissue chopper (Mickle Laboratory Engineering) and enzymatically 
digested at 37°C in DMEM medium containing 3mg/ml collagenase type A (Roche) 
plus 25μg/ml of DNase I (Sigma) for 45 min or in 100mg/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 CaCl2, 2% FCS and 25μg/mL DNase I for 30 min at 37°C and used 
to stain for myeloid cell populations. The other half was directly processed into 
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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 70μm 
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 NH4 lysis buffer to remove erythrocytes. 

For flow cytometry analysis of patient sample preparations, peripheral blood was 
collected in an K2EDTA vacutainer (BD) and processed and analyzed within 24 hours. 
Red blood cells were lysed (lysis buffer: dH2O, NH4Cl, NaHCCO3, 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, 1μM 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% 
β-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 Figures S8 and S9. 

Immunohistochemistry. KEP tumors were fixed for 24h in 10% neutral buffered 
formalin, embedded in paraffin and sectioned at 4μm. 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% H2O2 
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 
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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+ Ly6Glow SSChigh F4/80+) were sorted from the blood in 
RLT buffer containing 1% m-ME, using a BD FACSAriaTM 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 described78, 
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 (Illumina). Demultiplexing of 
the reads was performed with Illumina’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 mg 
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.

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 described28. 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 described28. NanoString mRNA counts were available for patients 
included in stage 1 of the TONIC-trial (paired metastatic biopsies pre-nivo and on 
nivo 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 2.7.1a)79 with two-
pass mode option set to “Basic”. For comparison between patients, a median of 
ratios normalization was performed with Deseq2 R package (version 1.24.080) and 
for within-patient comparisons TPM normalization was used. Data was analyzed 
using Python 3.7.6, with pandas (version 1.0.181,82) and NumPy (version 1.18.183 
packages. Plots were created using Matplotlib (version 3.1.384) and Seaborn (version 
0.10.085), statistical annotation was added using statannot (version 0.2.286). All 
gene-signatures are listed in Supplementary Table 3. Mean normalized expression 
values of individual genes were taken as a signature score. A fold change of the 
signature score baseline vs. on nivo was taken for each signature. RNA-sequencing 
on paired metastatic lesions (baseline and on nivo) 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% m-ME, using a BD FACSAriaTM 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 –(ΔCt.x − average(ΔCt.control)) . 

Human PBMC stimulation. 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 0.5mg/ml plate bound anti-CD3 
(OKT3, BioLegend) and 2mg/ml anti-CD28 (28.2, eBioscience) for 48 hours. Anti-
PD1 (Nivolumab) 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 
previously45,46. 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-446 and 
listed in Supplementary Table 4 for samples stimulated with aPD-1. Definition of 
responder and non-responder PDTFs were described previously45,46. 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 μg/ml or anti-PD-1 
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plus anti-CTLA4 (ipilimumab, Bristol-Myers Squibb) at 10 μg/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), log2 transformed cell count/mL or log2 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-nivo, the median 
log2 fold change from baseline to on-nivo (log2(on-nivo) – log2(pre-nivo) was plotted 
against Benjamini-Hochberg corrected p-values (Figure 1B). For dynamics in each 
cell population analyzed by flow cytometry between pre-nivo and on-nivo, linear 
modeling was performed (similar to a 2-way ANOVA) to predict log2 fold changes 
between pre-nivo and on-nivo counts / mL based on response and induction 
treatment: 

Log2-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. 
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Figure S1. (See previous page) 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. 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 Supplementary Table 1). 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 log2 transformed cells/mL and are centered to the median for each population (row) separately. (f) 
Heatmap representing the log2 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. 

Figure S2. (opposite) Systemic reduction of CD1c+ dendritic cells and expansion of Tregs  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 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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checkpoint blockade response is independent of induction treatment in TONIC trial, related to Figure 1.
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Figure S3. Systemic eosinophil accumulation after ICB and association with therapy response in different cancer 
types. (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)29. 
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 (pMMR) 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)30. 
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-proficient 
(pMMR) (d) and mismatch repair deficient (dMMR) (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, q2w) in the dMMR 
cohort of the Drug Rediscovery Protocol (NCT02925234)31. 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 
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dMMR tumors, treated with nivolumab in the dMMR cohort of the Drug Rediscovery Protocol. Response was defi ned 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 x109 cells/L) of the hemocytometer 
counts reported in the patient records, counts below this threshold were replaced with a value of 0.09 x109 cells/L.
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Figure S4. (see previous page) 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 1mm (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 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+ Ly6Glow F4/80int 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 700µm distant from the border of the tumor tissue; tumor 
periphery was defined as areas between 200µm and 700µm from the border of tumor tissue; border areas were 
defined as areas spanning from 200µm inside the tumor tissue to 300µm into the surrounding non-tumoral tissue. 
Scale bar represents 100µm. Each dot represents the average of 4-5 different tumor areas of 0.5mm2 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 q-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.

Figure S5. (opposite) Depletion of eosinophils using anti-SiglecF antibody does not promote CD4+ T cell or Treg 
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 tumor-related endpoint (n=4), measured by flow cytometry in indicated tissues. Mean ±S.E.M., 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 endpoint (n=6-10 mice, the average of 5 FOVs per 
mouse). (f) Quantification of IHC staining for MBP+ cells per mm2 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 mammary tumors in KEP mice treated with control antibody (n=7) 
or anti-SiglecF (n=3). (i-q) KEP mice were sacrificed 21 days after start of treatment (responsive phase). Untreated 
KEP mice were analyzed 21 days after they reached a tumor area of 50 mm2, or when the tumors reached an area of 
225 mm2. (i-j) Number of tumor-infiltrating CD4+ (i) and FOXP3+ (j) cells in ‘responsive phase’ of treatment, quantified 
by IHC (n=5-7 mice per group. For each mouse, the average of 5-9 FOVs ±S.E.M is displayed). Student’s t-test. (k-l) 
Frequency of tumor-infiltrating CD4+CD25- T cells (k) and regulatory T cells (l) expressing the indicated activation 
markers as determined by flow cytometry, measured 21 days after initiation of indicated treatments (n=5). (m-n) Data 
of (k-l) was normalized to the frequency observed in control mice. Log transformed data is presented. (o-q) Frequency 
of CD8+ T cells (o), 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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Figure S5. Depletion of eosinophils using anti-SiglecF antibody does not promote CD4+ T cell or Treg activation 
in the tumor and tumor-draining lymph node during combined ICB and cisplatin treatment, related to Figure 4.
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Figure S6. Dynamics and properties of ICB-induced eosinophils in mice with KEP-derived metastatic disease or 
mammary tumors, related to Figure 5
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Figure S6. (opposite) 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 fl ow cytometry at the indicated time-points 
(Ctrl Ab n=3-11, ICB n=3-11). (b) Gating strategy for the identifi cation of Lin-Sca1-CD34+cKitIntCD125+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 fl ow 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 quantifi cation 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 fl ow cytometry (n=4-5). The mice shown 
here are the same used for the analysis of Figure 5K-N. 1-way ANOVA. (f) Frequency of SiglecF+ neutrophils in primary 
tumor of treated KEP mice at tumor-related endpoint, as determined by fl ow cytometry (n=4-5). (g) Number of CD4 
T cells (gated as: CD3+CD8-CD25- cells) in the blood of mice with KEP-derived metastatic disease treated as described 
in Figure 5R, as determined by fl ow cytometry. Pooled data of two independent experiments. (h-i) Frequency of total 
eosinophils (h) and Lin-Sca1-CD34+cKitIntCD125+Gr1- eosinophil progenitors (i) in the bone marrow of mice with KEP-
derived metastatic disease treated as described in Figure 5R, as determined by fl ow cytometry (n=13-14). (j) 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 Tregs

in mice with KEP-derived orthotopic mammary tumors. (l) Representative dot plots showing Treg levels in the blood 
of mice at the experimental endpoint. Average frequency of Tregs as percentage of CD4+ cells ±S.E.M. are displayed. 
DT, diphtheria toxin. (m) Number of eosinophils in blood of mice treated as described in (h) (ICB + PBS, n=6, ICB + DT 
n=7), as determined by fl ow cytometry. All data are mean ±S.E.M, unpaired t-test, unless indicated otherwise. ns, not 
signifi cant, *p<0.05, **p<0.01, ****p<000.1.
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Figure S7. (continued on next page) ICB and rIL-33 specifi cally promote the expansion and activation of eosinophils 
in mice with mammary tumors, related to Figure 6 and 7.
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Figure S7. (continued) 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 150mm2) 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. (opposite) 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-, 
FceRIa+), 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+, FceRIa+) and CD1c- DCs (lineage-, CD66b-, HLA-DR+, CD33+, CD14- , CD16-, CD1c-, 
FceRIa-). (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-), naïve B cells (CD19+, 
CD27-, IgD+), non-switched memory B cells (CD19+, CD27+, IgD+), IgM-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).
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Figure S9. Gating strategy for fl ow 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+ cDC1 (in tumor: CD45+, CD3-, CD19-, F4/80-, CD11c+, MHC-II+ 
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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+), naïve 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+), naïve 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+), naïve 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+).

Supplementary Table 1: Baseline characteristics of all patients receiving at least one dose of nivolumab in the 
TONIC-trial (stage 1 and 2). 
ULN = upper limit of normal (= 250 U/L). Related to Figure 1 and 2.

Total population (n = 111) No. of patients Percentage
Median age, years (range) 52 (29-74)
WHO performance status, n (%)

0 70 63%
1 41 37%

gBRCA1/2, n (%)
Mutation 6 5%

Wildtype 78 70%

Unknown 27 24%

Location of metastasis, n (%)  
Lymph node only 10 9%
Visceral metastasis 79 71%

Other metastasis 22 20%

No. of prior therapies for metastatic disease, n (%)  
0 29 26%

1 56 50%

2-3 26 23%

Previous neoadjuvant or adjuvant therapy, n (%) 96 86%
Previous chemotherapy exposure, n (%)  

Taxane 101 91%

Anthracycline 95 86%

Platinum 60 54%

Capecitabine 60 54%

LDH level, n (%)  
≤ ULN 70 63%
≤ 2x ULN 41 37%
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Supplementary Table 2: Sample availability in the TONIC-trial (stage 1 and 2). 
Related to Figure S1B which illustrates overlap between available samples.

No. of patients
All included patients 111
Routine eosinophil counts

Paired baseline – on-nivo
Paired pre-nivo – on-nivo

90
87

Flow cytometry fresh blood
Paired baseline – on-nivo
Paired pre-nivo – on-nivo

55 
52

RNA-sequencing data
Paired baseline – on-nivo 48

NanoString gene expression (TONIC stage 1 only)
Paired pre-nivo – on-nivo 26

Supplementary Table 3: List of gene signatures used for human RNA-sequencing analysis. Related to Figure 2.

Gene signature Genes
Eosinophil gene signature SIGLEC887, RNASE288, RNASE388, IL5RA89, CCR390

Expanded T cell signature 33 CD3D, IDO1, CIITA, CD3E, CCL5, GZMK, CD2, HLA-DRA, CXCL13, IL2RG, NKG7, 
HLA-E, CXCR6, LAG3, TAGAP, CXCL10, STAT1, GZMB

Structural CD8+ T cell signature CD3D91, CD3E91, CD3G91, CD8A92, CD8B92, TRAC91, TRBC191, TRBC291, CD24791

IFNγ gene signature 33 IDO1, CXCL9, CXCL10, HLA-DRA, STAT1, IFNG

Supplementary Table 4: Patient characteristics of tumors included in PDTF analysis treated with aPD-1 alone. 
Related to Figure 5G.

Patient ID Tumor type Tumor site Ex vivo response to aPD-1
CRC003 Colorectal cancer Primary Yes
OV013-3 Ovarian cancer Peritoneal metastasis Yes
LU019 Non-small cell lung cancer Primary Yes
AKB803 Melanoma Lymph node metastasis Yes
MEL021 Melanoma Lung metastasis Yes
MEL025-1 Melanoma Lymph node metastasis No
LU027-2 Non-small cell lung cancer Primary No
MEL032 Melanoma Metastasis muscle No
RE015 Renal cell carcinoma Primary No
RE028 Renal cell carcinoma Primary No
MEL072 Melanoma Lymph node metastasis No
LU032 Non-small cell lung cancer Primary No
MEL077 Melanoma Abdominal metastasis No
LU028 Non-small cell lung cancer Primary No
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Abstract

Invasive lobular breast cancer (ILC) is the second most common histological breast 
cancer subtype but published data on trials specific for ILC are so far lacking. 
Translational research revealed that a subset of ILCs may be immune-related and 
more sensitive to DNA-damaging agents such as platinum. In murine ILC models, 
synergy between immune checkpoint blockade and platinum has been observed. 
Here, we tested this concept in the phase II, GELATO-trial (NCT03147040), in which 
patients with metastatic ILC were treated with weekly carboplatin (AUC 1.5) as 
immune induction treatment for 12 weeks and atezolizumab (PD-L1 blockade; every 
three weeks) from the third week onwards until disease progression. Four out of 23 
evaluable patients had a partial response (17%, 95%CI 5-39%) and two patients had 
stable disease for at least 24 weeks, resulting in a clinical benefit rate of 26% (95%CI 
10-48%). Out of these six patients, four patients had triple-negative ILC (TN-ILC). 
In serial biopsies of metastatic lesions, we observed higher CD8 T-cell infiltration, 
expression of immune checkpoints, and exhausted T cells upon carboplatin/PD-
L1 blockade. This is the first report of a clinical trial specifically for ILC and we 
demonstrate promising anti-tumor activity of atezolizumab with carboplatin as 
immune induction, in particular for TN-ILC. While activity of carboplatin/PD-L1 
blockade in classical ER+ ILC was limited, our translational data yield important 
insights for the design of highly needed clinical trials in ILC. 



PD-L1 blockade with carboplatin as immune induction in metastatic ILC: GELATO-trial

Ch
ap

te
r 

5

133

Introduction

Invasive lobular breast cancer (ILC) is the second most common histological breast 
cancer subtype, comprising approximately 10-15% of cases1-3. The non-cohesive 
and single file or targetoid pattern observed on routine histology is characteristic 
for the morphological diagnosis of ILC and loss or aberrant expression of E-cadherin 
supports the diagnosis of ILC4. Approximately 80-90% of primary ILCs express 
estrogen receptor (ER), have a luminal A phenotype and can be considered classic 
ILC5,6. Approximately 5% of ILC are triple-negative (TN) and frequently exhibit a 
luminal phenotype implying that this subtype has a different biology compared to 
the majority of triple-negative breast cancer (TNBC) that is dominated by basal-
like tumors1,7,8. 

Patients with ER+ metastatic ILC have preferred metastatic spread to the 
gastrointestinal tract and bone2,6 and a worse overall survival as compared to 
patients with ER+ metastatic breast cancer of no special type (NST)1, highlighting 
the need for new treatment modalities. CDK4/6 inhibitors combined with endocrine 
treatment are an effective treatment option for patients with metastatic ER+ ILC9, 
but no other highly effective treatment options have been defined once patients 
become resistant to endocrine treatment. Although ILCs are a different disease 
entity as compared to NST, so far patients with ILC have been underrepresented 
in clinical trials for breast cancer10 and reports of clinical trials specifically for ILC 
are lacking. 

Several groups have shown that based on transcriptomic profiling a subgroup of 
ILCs can be characterized as immune-related (IR) with high levels of immune-
related genes, expression of immune checkpoints and lymphocytic infiltration5,11,12. 
This suggests that a subset of ILCs might benefit from immune checkpoint blockade 
(ICB). While ICB in combination with chemotherapy has become standard of care in 
PD-L1 positive metastatic TNBC13, in patients with ER+ breast cancer only a small 
subgroup of patients benefits from ICB. Objective response rates (ORR) to ICB 
monotherapy in metastatic ER+ breast cancer (including all histological subtypes) 
range from 3%-12%14,15 to 27%-41% in combination with eribulin16,17. Notably, in the 
KEYNOTE-028 for patients with metastatic PD-L1 positive ER+ breast cancer, two 
out of three responders were ILC patients15. Rational treatment combinations are 
needed to improve responses to ICB in ER+ breast cancer and in ILC specifically. 

Previous data indicates synergy between platinum compounds and ICB in genetically 
engineered mouse models for ILC18. Of note, while these models strongly resemble 
human ILC, the field traditionally lacks models for endocrine-sensitive ILC19,20. 
Additionally, immune-related ILCs, characterized by expression of immune-related 
genes, were responsive to DNA damaging agents, such as platinum, in vitro11. 
Mechanistically, platinum agents have been shown to trigger the cyclic GMP-AMP 
synthase (cGAS) - stimulator of interferon (IFN) genes (STING) pathway by increasing 
the amounts of cytosolic DNA21 and to increase MHC class I expression22. Based on 
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these data, we hypothesize that the combination of platinum-based chemotherapy 
and ICB could be effective in patients with ILC. 

Here, we report the clinical and translational results of stage I of the GELATO-
trial, in which patients with metastatic ILC were treated with anti-PD-L1 until 
disease progression, combined with low-dose carboplatin as immune induction. 
To dissect the immunomodulatory effects of carboplatin alone and in combination 
with anti-PD-L1, we profiled immune cells in the circulation and in the tumor 
microenvironment of longitudinal biopsies of metastatic lesions. Besides PD-L1 
expression, stromal tumor-infiltrating lymphocyte (sTIL) and CD8+ T-cell levels, 
deconvolution algorithms and specific immune-related gene signatures were 
used to dissect the effect on the various T-cell populations as well as on other 
elements of the cancer-immunity cycle. In addition, we studied paired primary 
tumors and metastatic lesions to unravel differences in the immune landscape 
during ILC disease progression. Finally, we studied whether carboplatin is able 
to modulate PD-L1 expression patterns across different metastatic lesions, using 
molecular imaging (89Zr-atezolizumab-PET23). The GELATO-trial is the first clinical 
trial specifically conducted in patients with ILC, and our results provide novel 
insights in the biology of metastatic ILC.

Results

Inclusion and patient demographics
In the GELATO-trial, patients with metastatic ILC (based on morphology and a 
negative or aberrant E-cadherin staining) were treated with weekly carboplatin 
(area under the curve (AUC) 1.5) for the first 12 weeks and atezolizumab (anti-
PD-L1) every three weeks starting from the third cycle of carboplatin onwards 
(Figure 1A). The purpose of this short-term platinum-based regimen was to exploit 
the immunological effects of carboplatin and potentially synergize with PD-L1 
blockade, and not to induce direct cytotoxic effects. The low and weekly dosing 
was chosen to minimize the risk of hematological toxicity in this heavily pretreated 
patient population24,25. Following a Simon’s two-stage design, 22 patients had to be 
accrued in the first stage of the trial. Based on a null hypothesis of 10% of patients 
being progression-free at 24 weeks and an alternative hypothesis of 25%, three 
out of 22 patients had to be progression-free at 24 weeks to allow continuation of 
accrual in the second stage of the trial. Between November 2017 and January 2021, 
26 patients with metastatic ILC were registered in the trial, of which 23 patients 
started anti-PD-L1 treatment (Extended Data Figure 1) with the last two patients 
being registered simultaneously. Eighteen patients had ER+HER2- metastatic 
disease, whereas five patients had triple-negative disease (Table 1). Four out of five 
patients with TN-ILC had ER+ primary ILC. Six patients had non-classical ILC based 
on morphological assessment of a metastatic lesion biopsy. Seventy-eight percent 
(n=18) of patients had visceral metastases, with 52% (n=12) of patients having 
liver metastases and 48% (n=11) having three or more metastatic sites, all higher 
compared to other studies1,6 and inherent to our eligibility criteria for biopsy site 
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availability. Seventy-eight percent (n=18) of patients received prior chemotherapy, 
with 52% (n=12) of patients receiving prior palliative chemotherapy. Ninety-four 
percent (n=17) of patients with ER+ disease received prior CDK4/6 inhibitors and 
40% (n=2) of patients with TN-ILC received prior platinum. Patients received a 
median of nine cycles of weekly carboplatin and five cycles of anti-PD-L1. 

Table 1: Baseline characteristics of evaluable patients in the per protocol population. 

N = 23 evaluable patients No. of patients Percentage
Age at inclusion, years (median, range) 60 (45-69)
WHO performance status

WHO 0
WHO 1

12
11

52%
48%

Histological subtype (assessed on metastatic lesion)*
ER+HER2-
TNBC
HER2+

18
5
0

78%
22%
0%

ILC subtype (assessed on metastatic lesion)
Classic
Pleiomorphic^
Alveolar

17
4
2

74%
17%
9%

Germline BRCA1/2 mutations 
gBRCA1 mutation
No mutation
Unknown

1
4 
18 

4%
17%
78%

Visceral metastasis 18 78%
Liver metastasis 12 52%
No. of metastatic sites

1-2 metastatic sites
≥ 3 metastatic sites

12
11

52%
48%

LDH
LDH ≤ ULN
LDH ≤ 2x ULN

15
8

65%
35%

Previous chemotherapy exposure
Chemotherapy naive
(Neo)-adjuvant
Palliative

5
15
12

22%
65%
52%

Previous platinum treatment
ER+
TNBC

0 
2 

0%
40% of TNBC

Previous exposure to CDK4/6 inhibitors
ER+
TNBC

17 
0 

94% of ER+
0%

Disease-free interval
De novo M1
DFI ≤ 5 years
DFI > 5 years

5 
12 
6 

22%
52%
26%

No. of cycles carboplatin (median, range) 9 (3-12)
No. of cycles atezolizumab (anti-PD-L1) (median, range) 5 (1-16)

*ER+ ≥10% expression, TNBC defined as having ER and PR <10% and HER2-. 4/5 patients with a triple-negative metastasis 
had a primary ER+ tumor. ^Two of the patients had TNBC. World Health Organization (WHO), lactate dehydrogenase 
(LDH)
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Efficacy
Four patients out of the 23 evaluable patients (per protocol population) had a 
partial response (PR), leading to an objective response rate (ORR) of 17% (95% 
CI 5-39%) with two responses being short-lived. The median duration of response 
was 14.9 weeks. Two additional patients had stable disease (SD) or non-complete 
response (non-CR)/non-progressive disease (non-PD) for at least 24 weeks, resulting 
in a clinical benefit rate of 26% (95% CI 10-48%, Table 2, Figure 1B-D). Remarkably, 
four out of these six patients with clinical benefit had TN-ILC (Figure 1B). Four out 
of the first 22 patients were free of progression at 24 weeks, meeting the primary 
endpoint of the first stage of the trial for which at least three responders were 
needed. However, as responses were generally short-lived and observed mainly in 
patients with TN-ILC, the trial stopped accrual after the first stage was completed. 
One patient has an ongoing partial response even after PD-L1 blockade was stopped 
due to toxicity (Figure 1B). With a median follow-up of 23.8 months, we observed 
a median overall survival of 54.4 weeks and favorable survival of patients with 
clinical benefit (Figure 1E). 

Table 2: Efficacy analysis of evaluable patients in the per protocol population. 

N = 23 evaluable patients
Best overall response (RECIST1.1), no (%)

Complete response (CR)
Partial response (PR)
Stable disease (SD) or non-CR/non-PD >24 weeks*
Progressive disease (PD)

0 (0)
4 (17)ˆ
2 (9)
17 (74)

Objective response rate (CR+PR)ˆ 17% (95%CI: 5-39%)
Clinical benefit rate (CR+PR+SD>24 weeks) 26% (95%CI: 10-48%)
Median duration of response 14.9 weeks 

(95%CI: 6.1 weeks – not reached)
Median progression-free survival according to RECIST1.1 (22 
events)

13 weeks 
(95%CI: 8.1 – 19.7 weeks)

Median progression-free survival according to iRECIST (22 events) 14 weeks 
(95%CI: 9.0 – 20.14 weeks)

Median overall survival (16 events) 54.4 weeks
(95%CI: 23.6 weeks – not reached)

*1 patient had stable disease of 24 weeks according to iRECIST. Confidence interval (CI). ^one partial response was 
unconfirmed.

Toxicity
Carboplatin and anti-PD-L1 were generally well tolerated, with 26% and 48% of 
patients, respectively, not experiencing any treatment-related adverse events 
(Supplementary Table 1). The most commonly observed adverse event induced by 
carboplatin was neutropenia, which occurred in 48% of patients (Supplementary 
Table 2). Anti-PD-L1 caused an increase in aspartate aminotransferase (ASAT) 
in 17% of patients, with only one patient having a grade 4 increase requiring 
corticosteroid treatment (Supplementary Table 3). Other relevant immune-related 
events were hypophysitis and colitis, occurring in two patients and one patient, 
respectively (Supplementary Table 3). No other endocrinopathies, such as thyroid 
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dysfunction, were reported. One patient experienced immune-related myalgia 
and an immune-related sarcoid-like reaction of the mediastinal lymph nodes, 
cytologically confi rmed granulomatous infl ammation, and subsequent hoarseness. 
This patient stopped anti-PD-L1, was treated with steroids and had an ongoing 
response at the time of data cut-off .
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Figure 1. Design of GELATO-trial and effi  cacy data. (a) GELATO-trial setup. Patients were treated with 12 cycles of 
low-dose carboplatin. Atezolizumab (anti-PD-L1) was added from the third cycle onwards until disease progression 
or toxicity. Biopsies and blood were taken at baseline, before the start of anti-PD-L1 and during carboplatin+anti-
PD-L1. Created with BioRender.com. (b) Swimmer’s plot of all included patients. Each bar refl ects one patient and 
is annotated with events indicated by the legend and clinical response according to RECISTv1.1. The dotted lines 
indicate the start of anti-PD-L1 at two weeks and the 24-week landmark of the primary endpoint. (c) Waterfall plot of 
patients with measurable disease (n=18). (d) Change in target lesions of patients with measurable disease. (e) Kaplan-
Meier curve of overall survival in patients with clinical benefi t versus no clinical benefi t. The dotted line indicates 
one-year survival and the table lists numbers at risk at indicated timepoints. Hazard ratio was calculated using time-
dependent Cox regression analysis with time to death for patients with clinical benefi t calculated from the date of 
fi rst partial response or from 24 weeks onwards for the patients with stable disease.
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Figure 2. Association of baseline clinical features and characteristics of the tumor microenvironment with clinical 
benefit. (a) Clinical benefit rate and 95% confidence interval per indicated subgroup. Statistics by Fisher’s exact test 
(two groups) or Chi-square test (multiple groups). (b) Percentage of CD8+ cells in the stromal area of a metastatic 
lesion (immunohistochemistry). Median with interquartile range, statistics by Mann-Whitney-U test. (c) Percentage 
of patients with clinical benefit and PD-L1 expression (clone SP142). A cut-off of 1% expression on immune cells for 
PD-L1 positivity was used. Numbers in the graph indicate percentages, statistics by Fisher’s exact test. (d) Oncoplot 
of tumor mutational burden (TMB, mutations per MB) and selected genes frequently altered in metastatic ILC31-33, 
assessed in biopsies of metastatic lesions. Data was available for 17 patients. Each column represents one patient and 
is annotated by response, subtype and enrichment of the APOBEC mutational signature. (e) TMB of metastatic lesions 
in relation to response. Statistics as in (a). (b)-(e) Baseline metastatic lesions correspond to metastases presented in 
Figure 3 and Extended Data Figure 3 and 4.

Exploratory associations with clinical benefit to carboplatin and anti-PD-L1
Patients with TN-ILC had a significantly higher clinical benefit rate as compared 
to patients with ER+ILC (p=0.008, Figure 2A). We observed a non-significant 
higher clinical benefit rate in patients without liver metastases (p=0.07), in line 
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with previous findings that liver metastases might have detrimental effects on 
immunotherapy efficacy26. Looking into immune features of the metastatic lesions, 
we observed low baseline stromal tumor-infiltrating lymphocytes (sTILs, median 
1%) and stromal CD8 T-cell levels (median 1.5%), and no association between 
sTILs or CD8+ T cells and clinical benefit (Figure 2B, Extended Data Figure 2A). A 
higher clinical benefit rate was observed in patients with PD-L1 positive tumors 
(≥1% expression on immune cells, SP142, Figure 2C), but this was not statistically 
significant. Using RNA sequencing, we assessed previously established gene 
signatures of response to ICB. An IFNy signature27, exhausted T-cell signature28, 
tertiary lymphoid structure (TLS) signature29 and a signature capturing immune 
checkpoint molecules30, were all not significantly associated with clinical outcome 
(Extended Data Figure 2B-E). Of note, the patient with an ongoing durable 
response at data cut-off had high levels of stromal CD8+ cells (50%) and relatively 
high expression of immune-related genes, suggesting that, although rare in ILC, 
patients with high immune infiltration can benefit from ICB. We observed several 
genomic alterations in metastatic lesions with a well described role in metastatic 
ILC31-33, with PIK3CA being the most frequently mutated gene (Figure 2D). There 
was a non-significantly higher total tumor mutational burden (TMB) in responders 
(p=0.15; Figure 2E) and in patients with TN-ILC (p=0.10, Extended Data Figure 
2F). Additionally, 41% of the lesions demonstrated an APOBEC enrichment profile 
(Figure 2D)31, and APOBEC and cytosine deamination comprised the most prominent 
mutational signatures enriched in the data (Extended Data Figure 2G). 

Tumor-immune evolution of primary tumors to distant metastasis
To study the evolution of the immune landscape between matched primary lesions 
and metastases in ILC, we collected archival primary tumors and local recurrences 
(characteristics of this patient subset in Supplementary Table 4). We observed 
slightly higher sTIL levels (p=0.03) in metastases compared to primary tumors, 
while this was not accompanied by a significant increase in PD-L1 and CD8 T cells 
(Extended Data Figure 3A-C). Using CIBERSORTx immune cell deconvolution34 
on gene expression data, we observed little immune infiltration across tumors 
and across timepoints, with M2 macrophages being the most abundant cell type 
(Extended Data Figure 4A-B) and confirmed that CD8 T-cell levels did not differ 
between paired primary and metastatic lesions (Figure 3A). Resting mast cells 
and memory B cells were the only immune cell populations that were significantly 
lower in metastases (Figure 3B-C). Furthermore, we applied the four previously 
assessed immune-related signatures and found no significant changes in expression 
of IFNγ-related genes, exhausted T cells, TLS or immune checkpoints (Extended 
Data Figure 3D-G). Looking at differences in genomic profiles, we found non-
significantly higher TMB in metastases as previously described31,32 (Figure 3D). To 
assess other biological differences between paired primary tumors and metastases, 
we performed a gene set enrichment analysis (GSEA) of the Hallmark gene sets35 
(Extended Data Figure 4C-D). In metastases, we observed enrichment of glycolysis 
and oxidative phosphorylation gene sets (Extended Data Figure 3H-I), indicative of 
increased cellular respiration, and enrichment of MYC targets and mTOR signaling 
(Extended Data Figure 3J-K), suggestive of acquired signaling pathway alterations. 
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Altogether, we observed subtle differences between primary and metastatic lesions 
but the immune landscape remained largely unaffected.
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Figure 3. Tumor-immune evolution in paired primary tumors, local recurrences and metastasis. (a) Gene set 
expression score of CD8 T cells according to CIBERSORTx in paired primary tumors, recurrences, and metastasis. 
(b) Gene set expression score of resting mast cells according to CIBERSORTx in paired primary tumors, recurrences, 
and metastasis. (c) Gene set expression score of memory B cells according to CIBERSORTx in paired primary tumors, 
recurrences, and metastasis. (d) TMB in paired primary tumors, recurrences, and metastasis. (a)-(d) Boxplots display 
median with range. Statistics by Wilcoxon-signed-rank test on paired primary tumors and metastases, the number of 
patients in each analysis are listed between brackets behind the p-value. Red squares indicate patients with clinical 
benefit, black dots patients with no clinical benefit. Metastatic lesions correspond with baseline samples presented in 
Figure 2, Figure 4, Extended Data Figure 2, 4 and 6.

Carboplatin and anti-PD-L1 mediated changes in circulating immune cell 
populations
Several circulating immune cell populations can be affected by ICB, resulting in 
increased exhausted T cells, eosinophils or a decreased neutrophil-to-lymphocyte 
ratio (NLR)36-38. To investigate this in ILC, we characterized absolute counts of 
immune cell populations in fresh blood by flow cytometry at baseline, during 
carboplatin, and during carboplatin+anti-PD-L1 (Supplementary Table 5). After 
two cycles of carboplatin, no major changes were observed in circulating immune 
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cells (Figure 4A), but after carboplatin and anti-PD-L1 we observed a significant 
decrease in neutrophils, basophils, eosinophils and the NLR, probably related to the 
cumulative carboplatin effect (Figure 4B, Extended Data Figure 5A-B). Circulating 
total T cells, CD4+ and CD8+ T cell levels remained unaffected (Extended Data 
Figure 5C-E) but we observed a significant increase upon carboplatin and anti-
PD-L1 in circulating PD-1+CTLA4+ CD8+ T cells (Extended Data Figure 5F-G). This 
suggests systemic reinvigoration of a dysfunctional or exhausted T cell population 
that is frequently used as a proxy for the presence of a tumor-reactive T-cell 
compartment39-41.

Immune-mediated changes by carboplatin and anti-PD-L1 in the tumor 
microenvironment
Next, we assessed treatment-induced changes by carboplatin and anti-PD-L1 
within the tumor microenvironment (TME) of ILC metastases. Using CIBERSORTx 
immune cell deconvolution34, we observed increased CD8 T cells during anti-PD-L1, 
most notably in the patient with a durable response (Figure 4C), and the same 
pattern was seen when analyzing CD8 using immunohistochemistry (IHC) (Extended 
Data Figure 6A). sTIL levels remained largely unaffected (Extended Data Figure 
6B). Interestingly, while mast cells decreased during ILC disease progression 
(Figure 3B), resting mast cells increased during carboplatin (Extended Data 
Figure 6C). Next, we assessed immune-related gene signatures and observed a 
significant increase after carboplatin and anti-PD-L1 in exhausted T cells28, TLSs29 
and immune checkpoint expression30, and a trend towards a higher IFNy signature 
score, but only when compared to the on-carboplatin timepoint (before the start 
of anti-PD-L1) indicating a subtle decrease of these signatures upon carboplatin 
alone (Figure 4D-G). Of note, we observed no differentially expressed genes or 
Hallmark gene sets after carboplatin with or without anti-PD-L1 (data not shown). 
Next, we investigated changes in PAM50 molecular subtype during treatment in 
the metastatic setting. We observed that the majority of tumors (59%, 10 out of 
17) were classified as HER2-enriched at baseline (Figure 4H), while patients had 
no HER2-overexpression or amplification. Notably, we observed that the PAM50 
subtype changed in six out of 16 patients during treatment with carboplatin with 
or without anti-PD-L1, of which three were responders. High proportions of HER2-
enriched metastases have been observed before in breast cancer, possibly due 
to disease progression in a more aggressive phenotype42,43. Finally, we tested our 
preclinical hypotheses on immunogenic effects of carboplatin and, surprisingly, did 
not see alterations in gene signatures for cGAS-STING44, immunogenic cell death45, 
MHC class I or MHC class II (Figure 4I-J, Extended Data Figure 6D-E). In conclusion, 
induction with two cycles of carboplatin did not lead to major changes in the TME, 
but the combination of carboplatin and anti-PD-L1 was able to induce immune 
infiltration by CD8 T cells and increased expression of immune-related genes. 

PD-L1 uptake after carboplatin induction by 89Zr-atezolizumab-PET
To investigate the effect of carboplatin on the TME in a non-invasive fashion, 
which could be particularly attractive for ILC where biopsies can be challenging to 
obtain, we explored the use of 89Zr-atezolizumab-PET. Repeated 89Zr-atezolizumab-
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PET could be performed in one patient, who had two measurable lesions on 
computed tomography (CT) scan (breast, liver), and twelve other lesions on FDG-
PET at baseline (Extended Data Figure 7). Heterogeneous 89Zr-atezolizumab uptake 
between the lesions was observed, at baseline and after two cycles of carboplatin. 
Contrary to the hypothesis of PD-L1 induction by carboplatin, but in line with lack 
of clinical treatment benefit in this patient, the median tumor-to-blood ratio (TBR) 
decreased after induction treatment (p=0.01; Figure 4K) particularly in the index 
breast lesion. Meanwhile the maximal standardized uptake value (SUVmax) of this 
lesion remained low (2.13 and 1.2 respectively), in line with its negative PD-L1 IHC 
(0% in immune cells) at baseline and after carboplatin. Concluding, repeated 89Zr-
atezolizumab-PET showed heterogeneity in dynamics of tracer uptake in tumor 
lesions and background during carboplatin treatment. 

Figure 4. (opposite) Effects of carboplatin and anti-PD-L1 on circulating immune cells and the tumor 
microenvironment. (a) Volcano plot of the log2 fold change (horizontal axis) after two cycles of carboplatin to 
baseline in circulating immune cells, assessed by flow cytometry, and the adjusted p-value (vertical axis). The dotted 
horizontal line indicates the 20% false discovery rate (FDR) threshold, dotted vertical lines indicate a log2 fold change 
of 0.75. Statistics by linear modeling (Methods). For all tested populations, see Supplementary Table 5. (b) Volcano 
plot of log2 fold change after carboplatin and anti-PD-L1 to baseline in circulating immune cells assessed by flow 
cytometry. Statistics as in (A). (c) Gene set expression score of CD8 T cells according to CIBERSORTx in serial metastatic 
biopsies taken at baseline, after two cycles of carboplatin and after two cycles of anti-PD-L1 plus carboplatin. (d) 
Gene expression of an exhausted T-cell signature28 in serial biopsies of metastatic lesions. (e) Gene expression of a 
tertiary lymphoid structure (TLS) signature29 in serial biopsies of metastatic lesions. (f) Gene expression of an immune 
checkpoint signature30 in serial biopsies of metastatic lesions. (g) Gene expression of an IFNy signature27 in serial 
biopsies of metastatic lesions. (h) PAM50 molecular subtype assessed in serial biopsies of metastatic lesions. Each row 
is one patient and annotated with response according to RECISTv1.1 and subtype assessed on a metastatic lesion. (i) 
Gene expression of a cGAS-STING signature44 in serial biopsies of metastatic lesions. (j) Gene expression score of MHC 
class I related genes (HLA-A, HLA-B, HLA-C). (k) Tumor-to-blood ratio of 89Zr-atezolizumab-PET at baseline and after 
two cycles of carboplatin in lesions of one patient. (c)-(g), (i)-(j) Boxplots display median with range. Statistics with 
Wilcoxon-signed-rank on paired samples, the number of patients in each analysis are listed between brackets behind 
the p-value. Red squares indicate patients with clinical benefit, black dots patients with no clinical benefit. Baseline 
metastatic lesions correspond to metastases presented in Figure 3 and Extended Data Figure 3 and 4.
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Figure 4. Eff ects of carboplatin and anti-PD-L1 on circulating immune cells and the tumor microenvironment. 
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Discussion

To our knowledge, the GELATO-trial is the first reported clinical trial conducted 
specifically in ILC patients based on a hypothesis founded on preclinical and 
translational data. While carboplatin alone neither led to significant changes in 
immune cell composition nor in an increase in cGAS-STING signaling or MHC class I 
expression, the addition of anti-PD-L1 caused an increase in CD8 T-cell infiltration 
and higher expression of immune-related gene signatures. Four out of the first 22 
patients were progression-free at 24 weeks in the first stage of the trial, warranting 
expansion of the trial according to the Simon’s two-stage design. However, 
responses were mainly observed in patients with TN-ILC and responses were not 
durable. This suggests that most responses could have been mainly induced by 
carboplatin and to a lesser extent by anti-PD-L1, since carboplatin monotherapy 
is effective in approximately 30% of patients with metastatic TNBC24. Since ICB 
plus chemotherapy is now standard of care for patients with PD-L1 positive (≥10% 
combined positive score, 22C3) metastatic TNBC13, regardless of histological 
subtype, the study team decided, despite meeting the success criteria for stage 
I, not to proceed to the next stage of the GELATO-trial. The lack of responses to 
anti-PD-L1 in ER+ ILC could be partially explained by not pre-selecting patients 
based on a pre-existing anti-tumor immune phenotype. Important in this context 
is that in prior studies, the vast majority of immune-related ILCs was ER-positive. 
We illustrate this by one ER+ ILC patient with a clear durable response of over one 
year, with a TME characterized by high sTILs, CD8+ T-cell levels and positive PD-
L1 expression at baseline. This indicates that, although rare, ILC patients with an 
immunogenic phenotype might benefit from ICB.

Recent research has suggested that TN-ILCs have different biological characteristics 
as compared to TN-NST and ER+-ILC, with increased androgen receptor (AR) 
signaling and a higher frequency of HER2 mutations8,46. Though approximately 2% 
of patients with primary ILC and 12-15% of patients with metastatic ILC harbor a 
HER2 mutation and 90% of primary ILCs are considered AR-positive47, among TN-
ILC 20% of the tumors harbor a HER2 mutation and 74%-94% of tumors express 
AR8,46. In GELATO, four out of five patients with TN-ILC had ER+ primary tumors, 
and all patients with TN-ILC had positive AR IHC expression (≥10% of tumor cells). 
Recently, it has been shown that AR inhibition and ICB synergize in vivo, by reduced 
suppression of Ifnγ via AR signaling in CD8+ T cells48. Also, estrogen signaling has been 
negatively associated with response to ICB and chemotherapy in metastatic TNBC49 
and metastatic ER+ breast cancer50. Recently, it has been shown that estrogen 
might polarize tumor-associated macrophages towards an immunosuppressive 
state in melanoma models51. Polarized tumor-associated macrophages have been 
associated with residual disease post-chemotherapy in ER+ breast cancer52 and 
with poor survival in ILC patients53. In our CIBERSORTx analysis, we indeed found 
M2 macrophages as the most abundant cell type across samples (Extended Data 
Figure 4A-B). Therefore, targeting AR or macrophages might help to overcome ICB 
resistance in ILC.
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Only one patient with TN-ILC was classified as basal-like by PAM50 in the metastatic 
setting and four out of five patients with TN-ILCs had ER+ primary tumors. This 
implicates that although ER expression was lost during disease progression, TN-
ILCs do not exhibit a clear basal-like phenotype. A basal-like phenotype has been 
associated with response to ICB and chemotherapy in early-stage high-risk ER+ 
breast cancer54 and a basal-like immune-activated phenotype in metastatic TNBC49. 

Interestingly, most metastases were classified as HER2-enriched. This might be an 
artefact of PAM50 assessment on metastatic lesions and/or fresh-frozen material. 
However, also in paired lesions of the AURORA program for metastatic breast 
cancer and another retrospective series, a particular high proportion of HER2-
enriched tumors was observed42,43. The high level of HER2-enriched lesions might 
be due to the more aggressive features of metastatic disease, and endocrine 
treatment refractory disease potentially losing its luminal features upon disease 
progression42,55,56. Furthermore, in the recent BioPER trial, after treatment with 
a CDK4/6-inhibitor, 37.5% of the samples showed an HER2-enriched subtype57, 
suggesting that HER2-enriched tumors are prominent in patients that are heavily 
pretreated and/or have been exposed to CDK4/6 inhibition, as was the case for 
94% of ER-positive GELATO patients. Interestingly, in GELATO 90% of primary tumors 
were classified as either luminal A or luminal B (data not shown), suggestive of an 
acquired HER2-enriched phenotype later in the disease course. 

During treatment with carboplatin with or without anti-PD-L1, we also observed 
PAM50 subtype switching in 6/16 patients of which 5 switched towards a luminal or 
normal-like phenotype. Since we studied serial biopsies of the same lesions, this 
suggests that treatment modified the tumor-intrinsic characterics of these lesions 
towards a less proliferative phenotype. Most notably, the baseline metastatic 
lesion of the patient with a durable response was characterized as HER2-enriched 
but switched to a basal-like phenotype during anti-PDL1, suggesting increased 
susceptibility to ICB. 

On the immune cell level, we observed higher levels of CD8+ T cells in the stroma 
as compared to stromal TILs. As CD8+ T cells comprise the most prevalent immune 
cell type captured by the sTILs readout58,59, this is surprising. Since both sTILs 
and CD8+ counts were scored by the same independent expert pathologists, it 
is unlikely that interrater variability played a major role here. Alternatively, we 
hypothesize that based on its morphology, sTILs can be easily misunderstood for 
tumor cells in ILC, and sTILs might therefore not be the appropriate read-out for 
anti-tumor immunity in ILC. Research comparing sTILs in ILC with other subtypes 
might have underestimated sTILs scores in ILC and incorporating a CD8 staining 
may improve immune assessment in patients with ILC. 

Our trial is limited by a small sample size and lack of a control arm. Of note, the 
inclusion of a relatively small number of patients (n=23) in high-volume breast 
cancer centres took approximately 3.5 years. In view of the priority for translational 
research, patients with bone-only disease or only small lesions in, for example, the 
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peritoneum could not participate due to the lack of an available biopsy site, which 
might have slowed down inclusion. Since serial biopsies were mandatory in the trial, 
we included a relatively high proportion of ILC patients with visceral metastasis (18 
out of 23), higher as compared to the general ILC population1, making our cohort 
not fully representative of the general ILC population. Additionally, the included 
patients comprise a heterogenous group characterized by different pre-treatment 
regimens, biopsy locations and hormone receptor status. Due to the small number 
of patients, our translational analyses should be considered exploratory. However, 
given the strong preclinical rationale behind the GELATO-trial, we would like to 
highlight the importance of the validation of preclinical findings in patients which 
was the main reason to execute the GELATO-trial. 

Although ILCs comprise a separate disease entity within the breast cancer subtypes, 
so far reports of clinical trials specific for patients with ILC were lacking60 and 
patients with metastatic ILC are often underrepresented because of a lack of 
measurable disease10. In our experience, several patients stopped treatment early 
due to rapid clinical progression (Extended Data Figure 1). These aspects of the 
disease complicate the inclusion of ILC patients in clinical trials. Moreover, to 
our knowledge only two reports of recent randomized trials for novel treatment 
options in ER+ metastatic breast cancer have presented prespecified subgroup 
analysis in ILC patients, namely benefit from CDK4/6 inhibition to endocrine 
treatment in patients with metastatic ER+ILC9 and more recently a high clinical 
benefit rate was observed to neratinib and fulvestrant in HER2-mutated ILC in the 
phase II MutHER trial61. Targetable features of ILC are for example: high expression 
of ER/luminal A phenotype, synthetic lethal deficiency of ROS1/E-cadherin62, 
high tumor-mutational burden31,32, high T-cell infiltration5,11,12 and downstream 
activation of the PI3K-AKT-mTOR pathway via activating PIK3CA mutations5,31, 
activating HER2 mutations31,33 or activation via the insulin-like growth factor 1 
receptor (IGF1R)63. Some of these concepts are currently under investigation in 
ILC-specific clinical trials, such as inducing synthetic lethality with ROS1 inhibitors 
in E-cadherin negative cells in both early-stage and metastatic ILC (NCT04551495, 
NCT03620643); exploiting sensitivity to neo-adjuvant endocrine treatment in 
early-stage ILC (NCT02206984, NCT01953588) or in combination with CDK4/6 
inhibition (NCT02764541); and targeting activating HER2-mutations in metastatic 
ILC with neratinib and fulvestrant in a basket of the SUMMIT-trial (NCT01953926). 
Additionally, based on preclinical data and our work presented here, targeting 
the PI3K-AKT-mTOR pathway64,65 or macrophages66 in combination with ICB and/or 
chemotherapy might be promising treatment strategies for ILC patients. Besides 
trials specific for ILC, subgroup analyses of ILC patients in randomized clinical 
trials are of vital importance to inform treatment decisions for ILC patients and 
thereby improve outcome for this difficult-to-treat breast cancer subtype. 

In conclusion, this is the first report on a clinical trial specific for metastatic ILC 
representing a difficult-to-treat breast cancer subtype and we demonstrate that 
the combination of carboplatin and anti-PD-L1 induces clinical and immunological 
responses in a subset of ILC patients. Most of the responses were observed in 
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patients with TN-ILC, highlighting that patients with TNBC should be considered 
for ICB regardless of histological subtype. Our work provides novel hypotheses and 
paves the way for highly needed ILC-specific clinical trials.

Methods

Study design
GELATO is a phase-II, single-arm, multicenter clinical trial, conducted at four 
centers in the Netherlands (NCT03147040) to evaluate the efficacy of carboplatin 
and atezolizumab (anti-PD-L1) in patients with metastatic ILC. Lobular histology 
needed to be confirmed on a biopsy of a metastatic lesion with a negative or 
aberrant E-cadherin immunohistochemistry (IHC) staining. Eligible patients were 
treated with 12 cycles of weekly carboplatin (AUC of 1.5 mg/ml x min) and 
atezolizumab (anti-PD-L1; 1200 mg flat-dose) every three weeks starting from the 
third cycle of carboplatin onwards (Figure 1A). The purpose of this short-term, 
low-dose platinum regimen was to exploit the immunological effects of carboplatin 
instead of establishing a direct cytotoxic effect and avoid potential prolonged 
bone marrow suppression. As responses to immunotherapy in the metastatic breast 
cancer setting are predominantly observed within 12 weeks15,67,68, the duration 
of carboplatin induction treatment was limited to 12 weeks. Additionally, a low 
carboplatin dose (AUC 1.5) was administered to minimize the risk of prolonged 
bone marrow suppression, as also used in prior clinical studies69,70. 

Anti-PD-L1 was continued until disease progression according to RECISTv1.171, 
clinical progression or unacceptable toxicity. Before the start of carboplatin, 
after two cycles of carboplatin (two weeks from baseline) and after two cycles 
of anti-PD-L1 (+ 6 weekly administrations of carboplatin, 8 weeks from baseline), 
blood was drawn and sequential biopsies from a metastatic lesion were taken. 
The first six patients were included in a 3+3 phase Ib safety run-in part, with the 
same treatment schedule, and were included in the total number of patients. 
The trial was conducted in accordance with Good Clinical Practice guidelines and 
the Declaration of Helsinki. All patients provided written informed consent. The 
trial protocol, informed consent form and amendments were approved by the 
medical-ethical committee of the Netherlands Cancer Institute. This investigator-
initiated trial was sponsored by the Netherlands Cancer Institute, atezolizumab 
was provided by Roche.

Eligibility criteria GELATO-trial
Eligible patients had metastatic or incurable locally advanced ILC. Patients were 
not preselected based on PD-L1 expression. Patients had to have a metastatic 
lesion or recurrence available for sequential biopsies (bone lesions were not 
allowed) and had to have evaluable disease according to RECISTv1.171. In case of 
Estrogen Receptor (ER+) disease, patients had to have progression after endocrine 
treatment in the advanced setting and had to have received an anti-estrogen and 
an aromatase inhibitor in the early-stage or for advanced setting. A maximum of 
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two lines of palliative chemotherapy was allowed. Patients had to have a WHO 
performance status of 0 or 1, and normal bone marrow, kidney and liver functions 
with a Lactate Dehydrogenase (LDH) below 500 U/L (2 times upper limit of normal). 
Exclusion criteria were bone-only disease, symptomatic brain metastasis (stable 
and treated brain metastases were allowed), leptomeningeal disease localization, 
previous treatment with immune checkpoint inhibitors and/or a history of 
autoimmune disorders requiring immunosuppressive treatment. At the start of the 
trial, patients were eligible regardless of their receptor status. Since we aimed for 
a representative patient population for ILC with 10-20% ER- patients1,2, inclusion of 
patients with triple-negative (TN)-ILC (ER and PR expression <10%, HER2-negative) 
was stopped after reaching 20% of total patients. 

Trial procedures
Clinically stable patients with disease progression according to RECISTv1.1 were 
permitted to continue anti-PD-L1 until confirmation of progression on a subsequent 
CT scan according to iRECIST guidelines72. Response evaluation was performed by 
a CT-scan of the neck (if applicable), thorax and abdomen (including pelvis) at 
baseline (four weeks prior to start), before the start of anti-PD-L1, and every 
six weeks during treatment (every nine weeks after 24 weeks). RECISTv1.1 
measurements were done by experienced breast cancer radiologists and in case 
of inconsistencies revised by one dedicated radiologist. Carboplatin treatment 
was withheld in case of hematological toxicity, such as anemia or neutropenia. 
Dose modification of atezolizumab was not allowed, but treatment interruptions 
were allowed in case of toxicity or suspicion thereof. Adverse events (AEs) were 
monitored every three weeks (weekly during carboplatin treatment) by laboratory 
assessments, vital signs and physical examinations. Grading of AEs was done per 
National Cancer Institute’s Common Terminology Criteria for Adverse Events (NCI-
CTCAE) v4.03. Supportive treatment with antiemetics, bisphosphonates, and 
palliative radiation (only if response could still be evaluated) was allowed. Archival 
formalin-fixed paraffin-embedded (FFPE) blocks of primary tumors (biopsies in 
case of neo-adjuvant chemotherapy or resection material) were collected via 
PALGA (the nationwide network and registry of histo- and cytopathology in the 
Netherlands)73.

Trial objectives and endpoints
The primary endpoint of the trial was progression-free survival (PFS) rate at six 
months (24 weeks), assessed from date of registration to date of progression 
according to RECISTv1.1 or death from any cause. Secondary endpoints were 
progression-free survival (PFS) rate at six months in patients with immune-
related ILC, PFS rate at 12 months, PFS according to iRECIST, overall survival (OS), 
objective response rate (ORR) and safety. The clinical benefit rate (CBR) comprised 
complete responses (CR), partial responses (PR) and stable disease (SD) for at 
least 24 weeks. PFS and OS were calculated from date of registration to date of 
progression according to RECIST1.1 and date of death or last date of follow-up, 
respectively. Patients were censored in case of no event at the last assessment 
before the data cut-off of 1 October 2021. Duration of response was calculated 
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from the first date of an objective response to date of progression according to 
RECIST1.1. Translational endpoints were the assessment of immunogenic effects of 
carboplatin on the TME and in the circulation using immunohistochemistry, next-
generation sequencing and flow cytometry; the additive effect of anti-PD-L1 on 
these changes; and exploration of predictive biomarkers. 

Statistical considerations
A Simon’s two-stage74 design was used to determine the sample size. The median 
PFS of palliative chemotherapy regimens in patients with endocrine-treatment 
refractory breast cancer typically lies within 2-4 months75,76. If 25% of patients 
were free of progression at 6 months (24 weeks) in the GELATO-trial, this would 
warrant further investigation of the treatment regimen. The null hypothesis that 
the true proportion of patients progression-free at six months is 10% or lower was 
tested against a one-sided alternative of at least 25%. In the first stage of the trial, 
22 patients had to be accrued. If two or fewer patients were progression-free at 
six months, the study would be stopped, otherwise 18 additional patients could 
be included. This design yields a type one error rate of 0.04 and power of 0.80 
when the true proportion of patients progression-free at six months is 25%. The 
last two patients were registered in the same week and therefore both included 
in the trial, leading to a total inclusion of 23 patients. Primary endpoint analysis 
for Simon’s two-stage was therefore performed separately for the first included 22 
patients. Secondary and translational endpoint analyses were performed in the per 
protocol population (n=23, patients who received at least one dose of anti-PD-L1, 
Extended Data Figure 1). The data cut-off for follow-up was 1 October 2021. 

Flow cytometry fresh blood
Peripheral blood was collected in an K2EDTA vacutainer (BD) and processed within 
24 hours. Three panels spanning T-cell, B-cell and myeloid cell biology were used 
(Supplementary Table 5 for all assessed immune cell populations, Supplementary 
Table 6 for antibodies, gating strategy in Extended Data Figure 8) as described 
before77. Red blood cells were lysed (lysis buffer: dH2O, NH4Cl, NaHCCO3, EDTA) 
and cells were resuspended in PBS containing 0.5% BSA and 2mM EDTA. For surface 
antigen staining, cells were first incubated with 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) or Zombie Red Fixable Viability Kit (1:800 BioLegend). 
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. 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. To assess dynamics in each cell population with cell count/
mL, linear modeling was performed using limma R package v3.46.078. Predicting 
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log2 transformed cell counts per mL for the same patient at different time points 
was done as following: log2(cell counts/mL) ~ time point + patient ID. The modeling 
was performed independently for paired samples of baseline versus post-induction 
(Figure 4A) and baseline versus carboplatin+anti-PD-L1 (Figure 4B). Sample pair 
dynamics was assessed analogously to the paired t-test. For visualization purposes, 
Benjamini-Hochberg corrected p-values were plotted against the corresponding 
log2 fold changes: the log2 fold change from baseline to pre-atezo (log2(pre-atezo) – 
log2(baseline)) and the log2 fold change from baseline to on-atezo (log2(on-atezo) – 
log2(baseline)) (Figure 4A-B). The plots were made by EnhancedVolcano R package 
v1.12.079.

TILs and immunohistochemistry
Formalin-fixed paraffin-embedded (FFPE) tumor blocks of archived primary 
tumor blocks and newly collected biopsies of metastatic lesions were used for 
sTIL assessment and CD8 and PD-L1 (SP142) immunohistochemistry staining. IHC 
of formalin-fixed paraffin-embedded FFPE tumor samples was performed on a 
BenchMark Ultra autostainer (Ventana Medical Systems). Briefly, paraffin sections 
were cut at 3 mm, heated at 75°C for 28 minutes and deparaffinized in the 
instrument with EZ prep solution (Ventana Medical Systems). Heat-induced antigen 
retrieval was carried out using Cell Conditioning 1 (CC1, Ventana Medical Systems) 
for 32 minutes at 95°C (CD8) or 48 minutes at 95°C (PD-L1). CD8 was detected 
using clone C8/144B (1/200 dilution, 32 minutes at 37°C, Agilent / DAKO) and 
PD-L1 using clone SP142 (Ready-to-Use dispenser, 16 minutes at at 37°C, Roche 
/ Ventana). Bound antibodies were detected using the OptiView DAB Detection 
Kit (Ventana Medical Systems). Slides were counterstained with Hematoxylin and 
Bluing Reagent (Ventana Medical Systems). A PANNORAMIC® 1000 scanner from 
3DHISTECH was used to scan the slides at a 40x magnification. Scans of all stainings 
were uploaded on Slide Score (www.slidescore.com). Stromal tumor-infiltrating 
lymphocytes (sTILs) were assessed on an H&E slide according to international 
standard from the International Immuno-Oncology Biomarker Working Group 
(www.tilsinbreastcancer.org)58. CD8 was assessed as percentage of positive cells in 
the tumor-associated stromal area, and PD-L1 as percentage of positive immune 
cells in the tumor and stromal area. Two expert pathologists (H.M.H. and R.S.) 
independently evaluated the stainings digitally and the average of scores was 
taken.

DNA and RNA sequencing
DNA and RNA material was isolated from FFPE sections of primary tumors or fresh-
frozen (FF) tissue sections of biopsies of metastatic lesions, containing at least 
30% tumor cells. DNA and RNA isolation was done simultaneously using the Qiagen 
AllPrep DNA/RNA FF kit for FF tissue and the Qiagen AllPrep DNA/RNA FFPE kit for 
FFPE blocks, according to manufacturer’s instructions. Germline DNA was isolated 
from peripheral blood using the QIAsymphony DSP DNA midi kit. The total amount 
of DNA was quantified on the Nanodrop 2000 (Thermofisher). The amount of double 
stranded DNA in the genomic DNA samples was quantified using the Invitrogen 
Qubit® dsDNA HS Assay Kit. Maximum 2000 ng of double stranded genomic DNA 
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was fragmented by Covaris shearing. Samples were purified using 2X Agencourt 
AMPure XP PCR Purification beads according to Beckman Coulter manufacturer’s 
instructions. The sheared DNA samples were quantified and qualified on a 
BioAnalyzer system using the Agilent Technologies DNA7500 assay kit. With an 
input of maximum 1 μg sheared DNA, library preparation for Illumina sequencing 
was performed using the KAPA HTP Prep Kit for FF DNA (KAPA Biosystems, KK8234) 
or KAPA Hyper prep kit (KAPA Biosystems, KK8504) for FFPE DNA. Libraries were 
amplified with 4 (FF) or 6 (FFPE) PCR cycles and cleaned with 1X AMPure XP beads. 
Concentrations were measured with DNA7500 chips on a BioAnalyzer system. 6 
pools of 6 to 7 samples were created using 500 ng of each indexed sample of FF 
DNA. 2 pools of 6 to 7 samples were created using 65 ng of each indexed sample 
of FFPE DNA. 2µl of IDT TS-mix universal blockers and 5µl Invitrogen Human Cot-1 
DNA was added to each pool. Each pool was dried with a concentrator (Eppendorf). 
To each dried pool 8.5µl of hybridization buffer, 3.4µl Hybridization component 
A (SeqCap Hybridization and wash kit, Roche) and 1.1µl nuclease-free water was 
added to rehydrate the pool. Each pool was incubated at room temperature for 10 
minutes, followed by an incubation at 96 degrees Celsius for 10 minutes. Samples 
were hybridized with the IDT xGen Exome Research Panel v1.0. The pool was 
captured and washed following the IDT protocol and amplified using 10 PCR cycles. 
The amplified pool was purified using AMPure® XP beads (Beckman Coulter). The 
purified pools were quantified on the Agilent Bioanalyzer 7500 system and one 
sequence pool was made by equimolar pooling. The sequence pool was diluted to 
a final concentration of 10nM and subjected to sequencing on an Illlumina Novaseq 
6000 machine with a SP 300 cycle kit for a paired end 150 bp run for FF samples 
and with a SP 200 cycle kit for a paired-end 100 bp run for FFPE samples, according 
to manufacturer’s instructions.

Quality and quantity of the total RNA from was assessed by the 2100 Bioanalyzer 
using a Nano chip (Agilent, Santa Clara, CA). The percentage of RNA fragments 
> 200nt fragment distribution values (DV200) were determined using the region 
analysis method according to the manufacturer’s instructions (Illumina, technical-
note-470-2014-001). Strand-specific libraries were generated using the TruSeq RNA 
Exome Library Prep Kit (Illumina Inc., San Diego) according to the manufacturer’s 
instructions (Illumina, # 1000000039582v01). Briefly, total RNA was fragmented 
(only for FF material), random primed and reverse transcribed using SuperScript 
II Reverse Transcriptase (Invitrogen, part # 18064-014) with the addition of 
Actinomycin D. Second strand synthesis was performed using Polymerase I and 
RNaseH with replacement of dTTP for dUTP. The generated cDNA fragments were 
3’ end adenylated and ligated to Illumina Paired-end sequencing adapters and 
subsequently amplified by 15 cycles of PCR. The libraries were validated on a 2100 
Bioanalyzer using a 7500 chip (Agilent, Santa Clara, CA) followed by a 1-4 plex library 
pooling containing up to 200ng of each sample. The pooled libraries were enriched 
for target regions using the probe Coding Exome Oligos set (CEX, 45MB) according 
to the manufacturer’s instructions (Illumina, # 1000000039582v01). Briefly, cDNA 
libraries and biotin- labeled capture probes were combined and hybridized using 
a denaturation step of 95°C for 10 minutes and an incubation step from 94°C to 
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58 °C having a ramp of 18 cycles with 1 minute incubation and 2°C per cycle. 
The hybridized target regions were captured using streptavidin magnetic beads 
and subjected to two stringency washes, an elution step and a second round of 
enrichment followed by a cleanup using AMPure XP beads (Beckman, A63881) and 
PCR amplification of 10 cycles. The target enriched pools were analyzed on a 2100 
Bioanalyzer using a 7500 chip (Agilent, Santa Clara, CA), diluted and subsequently 
pooled equimolar into a multi-plex sequencing pool. The libraries were sequenced 
with 54 paired-end reads on a NovaSeq6000 using a SP Reagent Kit v1.5 (100 cycles) 
(Illumina Inc., San Diego).

DNA sequencing data analysis
DNA Sequencing data was aligned to GRCh38 reference genome with bwa aligner 
0.7.1780 using the bwa-mem algorithm. Samtools fixmate 1.1381 was used to correct 
mate information, and duplicate reads were marked with Picard MarkDuplicates. 
Next, base quality scores were recalibrated with GATK BaseRecalibrator82, and 
Mutect2 2.283 was used to perform variant calling. The data that passed all Mutect2 
filters was subsequently filtered with fings 1.7.184 and vcf2maf 1.6.2185 was used 
to run VEP annotation of the variants and to produce a maf file. Variants with 
a variant allele frequency (VAF) >0.2 were included in final analysis. TMB was 
calculated with maftools 2.10.586 tmb function. VAF plots, mutational signature 
plots and oncoplot were created with maftools 2.10.5. Data was analyzed with 
Python 3.7.6 and R 4.1.1. Pandas 1.3.387,88 was used for data handling. 

RNA sequencing data analysis
RNA sequencing data has been aligned to GRCh38 with STAR 2.7.1a, with twopassMode 
option set to “Basic”89. Gene counts were obtained with STAR quantMode option 
set to “GeneCounts”. Data quality was assessed with FastQC 0.11.590, FastQ Screen 
0.14.091, Picard CollectRnaSeqMetrics tool92 and RSeQC read_distribution.py and 
read_duplication.py tools 4.0.093 and found to be suitable for the downstream 
analysis. Data was subsequently normalised to TPM. For cell deconvolution, 
CIBERSORTx was run in absolute mode with LM22 Source GEP, performing the batch 
correction94. Differential expression analysis was performed with DESeq2 1.34.095. 
PAM50 classification was performed with genefu R package 2.26.096. Gseapy 0.9.18 
ssgsea tool97 with sample_norm_method option set to “rank” was used for gene 
set signature scoring. Data was analyzed with Python 3.7.6 and R 4.1.1. Pandas 
1.3.387,88 and NumPy 1.18.198 were used for data handling. Seaborn 0.10.099, 
Matplotlib 3.1.3100 and statannotations 0.4.3101 have been used for plotting.

89Zr-atezolizumab PET/CT imaging
Based on previous work showing superior correlation of zirconium-89 (89Zr)-
atezolizumab uptake on positron emission tomography/computerized 
tomography (PET/CT) with clinical response to atezolizumab, compared to 
immunohistochemistry- or RNA-sequencing-based predictive biomarkers23, an 
imaging biomarker side study was performed in the University Medical Center 
Groningen (NCT04222426). At baseline and after two cycles of carboplatin, a whole 
body (89Zr)-atezolizumab PET/CT was performed on a Biograph mcT 40 or 64-slice 
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PET/CT (Siemens/CTI, Knoxville, TN), as previously described23. Tumor lesions were 
identified on standard baseline FDG-PET/CT, with a minimum width of 10mm. 89Zr-
atezolizumab-uptake was quantified in all lesions, with a maximum of 10 lesions 
per organ. Quantification of the 89Zr-atezolizumab- and FDG uptake was performed 
using the Accurate tool102 and Syngo.via imaging software VB20/30 (Siemens), 
respectively. A spherical volume-of-interest (VOI) was drawn closely around all 
metastases. Maximum standardized uptake values (SUVmax) were calculated, as well 
as background mean SUV (SUVmean). Tumor-to-blood ratio’s (TBR) were calculated 
by dividing the SUVmax by the thoracic aorta SUVmean

103. Change in tumor uptake 
between 89Zr-atezolizumab-PET at baseline and after two cycles of carboplatin 
was assessed as percentage TBR change. In addition, we calculated the median 
and range of the 89Zr-atezolizumab uptake (TBR), and natural-log-transformed 
89Zr-atezolizumab uptake to obtain approximate normal distributions, yielding 
estimates of geometric means following back-transformation of the results.

Statistical analysis
Median time to event was calculated for PFS, OS and duration of response was 
calculated with the Kaplan-Meier method. Frequencies, such as response rate 
and clinical benefit rate, were estimated with corresponding two-sided 95% 
confidence intervals (Clopper-Pearson) and comparisons between frequencies 
were performed using Fisher’s exact test. Two-sided non-parametric tests were 
used for translational analyses: Mann-Whitney U for two independent groups and 
Wilcoxon’s signed-rank for paired data. Data was analyzed with GraphPad Prism 
v9.0, IBM SPSS statistics 24, SAS v9.4, Python 3.7.6 and R 4.1.1. Reported p-values 
are two-sided and unadjusted unless stated otherwise.

Data availability

DNA and RNA sequencing data will be stored in the European GenomePhenome 
Archive (EGA) and will be made available from the corresponding author upon 
reasonable request. Data requests will be reviewed by the corresponding author 
and Institutional Review Board of the NKI and after approval applying researchers 
have to sign a data transfer agreement with the NKI.
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Extended Data Figures

37 patients screened

23 patients received 
at least 1 cycle of atezo

(per protocol)

5 patients: biopsy failed or no lesion available for biopsy
4 patients: no clear ILC 
2 patients: rapid clinical progression 

1 patient rapid clinical progression after 1 carbo
1 patient heart failure due to pre-existent 
cardiomyopathy after 1 carbo
1 patient rapid LDH increase before start of carbo

26 patients registered
(intention-to-treat)

Extended Data Figure 1: Flow chart of patient inclusion in the GELATO-trial
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Extended Data Figure 2: Additional baseline tumor microenvironment features associated with clinical outcome. 
(a) Percentage of stromal tumor-infiltrating lymphocytes (sTILs). (b) Gene expression of an IFNy signature27. (c) Gene 
expression of an exhausted T-cell signature28. (d) Gene expression of a tertiary lymphoid structure (TLS) signature29. 
(e) Gene expression of an immune checkpoint signature30. (f) Tumor mutational burden (TMB, mutations per MB) in 
ER+ vs triple-negative ILC. (g) Mutational signatures enriched in metastatic lesions. (a)–(f) Median with interquartile 
range, statistics by Mann-Whitney-U test. Baseline metastatic lesions correspond to metastases presented in Figure 3 
and Extended Data Figure 3 and 4.
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Extended Data Figure 3: Evolution of sTILs, stromal CD8+ cells, PD-L1 expression and immune-related gene 
sets from paired primary tumors, local recurrences and metastasis. (a) Percentage of stromal tumor-infiltrating 
lymphocytes (sTILs) in paired primary tumors, recurrences, and metastases. (b) Percentage of CD8+ T cells in the 
stromal area (immunohistochemistry). (c) Percentage of patients with clinical benefit and PD-L1 expression (clone 
SP142) in metastatic lesions. A cut-off of 1% expression on immune cells was used to determine PD-L1 positivity. 
Statistics by Fisher’s exact test (primary versus metastasis) for proportions. (d) Gene expression of an IFNy signature27. 
(e) Gene expression of an exhausted T-cell signature28. (f) Gene expression of a tertiary lymphoid structure (TLS) 
signature29. (g) Gene expression of an immune checkpoint signature30. (h) Gene set enrichment score of the HALLMARK 
Oxidative Phosphorylation gene set. (i) Gene set enrichment score of the HALLMARK Glycolysis gene set. (j) Gene set 
enrichment score of HALLMARK mTOR signaling gene set. (k) Gene set enrichment score of HALLMARK MYC targets 
gene set. (a)-(b), (d)-(k) Boxplots display median with range. Statistics with Wilcoxon-signed-rank on paired primary 
tumors and metastasis, the number of patients in each analysis are listed between brackets behind the p-value. 
Red squares indicate patients with clinical benefit, black dots patients with no clinical benefit. Metastatic lesions 
correspond with baseline samples presented in Figure 2, Figure 4, Extended Data Figure 2, 4 and 6.
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Extended Data Figure 4: Unbiased analysis of treatment-related changes in gene expression. (a) Heatmap of 
CIBERSORTx immune cell deconvolution34 across all primary tumor samples (FFPE). Rows correspond to one sample and 
are annotated with patient ID. (b) Heatmap of CIBERSORTx immune cell deconvolution34 across all baseline metastases 
(FF). Rows correspond to one sample and are annotated with patient ID. (c) Heatmap of gene-set enrichment analysis 
of Hallmark gene sets35 across all across all primary tumor samples (FFPE). Rows correspond to one sample and are 
annotated with patient ID. (d) Heatmap of gene-set enrichment analysis of Hallmark gene sets35 across all across all 
baseline metastases (FF). Rows correspond to one sample and are annotated with patient ID.
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Extended Data Figure 5: Flow cytometry-based assessment of circulating immune cell populations in paired blood 
samples at baseline, on carboplatin and during carboplatin/anti-PD-L1. (a) Absolute circulating neutrophil counts 
by flow cytometry. (b) Neutrophil-to-lymphocyte ratio (total T cell count). (c) Absolute circulating total T-cell counts. 
(d) Absolute circulating CD8+ T-cell counts. (e) Absolute circulating CD4+ T-cell counts. (f) Percentage of circulating 
PD-1+CTLA-4+ CD4+ T cells. (g) Percentage of circulating PD-1+CTLA-4+ CD8+ T cells. (a)-(g). Boxplots display median 
with range. Statistics with Wilcoxon-signed-rank on paired samples, the number of patients in each analysis are listed 
between brackets behind the p-value. Red squares indicate patients with clinical benefit, black dots patients with no 
clinical benefit.
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Extended Data Figure 6: Changes in sTILs, stromal CD8+ cells and immune-related gene sets in serial biopsies 
of a metastatic lesion. (a) Percentage of CD8+ T cells (immunohistochemistry) in the stromal area in serial biopsies 
of metastatic lesions measured at baseline, after two cycles of carboplatin and after two cycles of anti-PD-L1 plus 
carboplatin. (b) Percentage of stromal tumor-infiltrating lymphocytes (sTILs) in serial biopsies of metastatic lesions. 
(c) Gene set expression score of resting mast cells according to CIBERSORTx in serial biopsies of metastatic lesions. (d) 
Gene expression of an immunogenic cell death signature45 in serial biopsies of metastatic lesions. (e) Gene expression 
score of MHC class II related genes (HLA-DRA, HLA-DRB1, HLA-DOB, HLA-DPB2, HLA-DMA, HLA-DOA, HLA-DPA1, HLA-
DPB1, HLA-DMB, HLA-DQB1, HLA-DQA1, HLA-DRB5, HLA-DQA2, HLA-DQB2, HLA-DRB6). (a)-(e) Boxplots display median 
with range. Statistics with Wilcoxon-signed-rank on paired samples, the number of patients in each analysis are listed 
between brackets behind the p-value. Red squares indicate patients with clinical benefit, black dots patients with 
no clinical benefit. Baseline metastatic lesions correspond to metastases presented in Figure 3 and Extended Data 
Figure 3 and 4.
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Extended Data Figure 7: Exploratory analysis of the use 89Zr-atezolizumab-PET to evaluate PD-L1 distribution 
in ILC patients. Representative images of one patient imaged with FDG-PET and 89Zr-atezolizumab-PET. Left panel 
depicts lateral view of baseline FDG-PET, the middle panel represents the lateral view of baseline 89Zr-atezolizumab-
PET and the right panel 89Zr-atezolizumab-PET after two cycles of carboplatin. 
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positive T cells (CD3+, vδ1-, pan γδ TCR-, vδ2-, CD8+, CD4+), CD8 T cells (CD3+, vδ1-, pan γδ TCR-, vδ2-, CD8+, CD4-), 
conventional CD4 T cells (CD3+, vδ1-, pan γδ TCR-, vδ2-, CD8-, CD4+, FoxP3-) and Tregs (CD3+, vδ1-, pan γδ TCR-, vδ2-, CD8-, 
CD4+, FoxP3+, CD25high). (b) Gating strategy to identify B cell subsets identifying double negative B cells (CD19+, CD27-, 
IgD-), naïve B cells (CD19+, CD27-, IgD+), non-switched memory B cells (CD19+, CD27+, IgD+), IgM-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). (c) Myeloid panel gating strategy identifying eosinophils (lineage-, high side scatter, CD66b+ 

CD16-), neutrophils (lineage-, high side scatter, CD66b+ CD16+), basophils (lineage-, FcεRIα+, HLA-DR-), plasmacytoid 
DCs (lineage-, HLA-DR+, CD303+, CD123+), CD141high DCs (lineage-, HLA-DR+, CD33+, CD141+), CD14+ monocytes (lineage-, 
HLA-DR+, CD33+, CD14+, CD16-/+), CD14dim monocytes (lineage-, HLA-DR+, CD33+, CD14dim, CD16+), CD1c+ DCs (lineage-, 
HLA-DR+, CD33+, CD14-, CD16-, CD1c+, FcεRIα+) and CD1c- DCs (lineage-, HLA-DR+, CD33+, CD14-, CD16-, CD1c-, FcεRIα-).
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Supplementary Table 1: worst grade of any treatment-related adverse event. 
Immune-related events are a selection of all reported atezolizumab-related events. Only grade 2 events or higher or 
grade 1 immune-related events were reported. 1 patient died during treatment of disease progression.

Worse grade of any adverse event, No. of 
patients (%)

No AE 
reported

Grade 1-2 Grade 3 Grade 4

Carboplatin-related 6 (26) 7 (30) 9 (39) 1 (4)
Atezolizumab-related 11 (48) 5 (22) 5 (22) 2 (9)
Immune-related event of interest 13 (57) 4 (17) 5 (22) 1 (4)

Supplementary Table 2: all reported carboplatin-related toxicity. 
Only grade 2 events or higher were reported. Alanine aminotransferase (ALAT).

Carboplatin related adverse event, No. of patients (%) Any grade Grade 3 Grade 4
Neutrophil count decreased 11 (48) 3 (13) 1 (4)
Anemia 5 (22) 2 (9) 0 (0)
Platelet count decreased 3 (13) 2 (9) 0 (0)
Nausea 3 (13) 0 (0) 0 (0)
Fatigue 2 (9) 0 (0) 0 (0)
Abdominal pain 1 (4) 1 (4) 0 (0)
ALAT increased 1 (4) 1 (4) 0 (0)
Dehydration 1 (4) 1 (4) 0 (0)
Flu-like symptoms 1 (4) 0 (0) 0 (0)
Gastro-esophageal reflux 1 (4) 0 (0) 0 (0)
Hyperkaliemia 1 (4) 0 (0) 0 (0)
Hyponatremia 1 (4) 1 (4) 0 (0)
Infusion-related reaction 1 (4) 0 (0) 0 (0)
Increased lipase 1 (4) 0 (0) 0 (0)
Obstipation 1 (4) 0 (0) 0 (0)
Peripheral neuropathy 1 (4) 0 (0) 0 (0)

Supplementary Table 3: immune-related adverse events of special interest. 
Alanine aminotransferase (ALAT); aspartate aminotransferase (ASAT). *1 patient developed a grade 3 hypophysitis two 
months after stopping atezolizumab. ^Asymptomatic without signs of (immune-related) pancreatitis 

Immune related adverse event, No. of patients (%) Any grade Grade 3 Grade 4
ASAT increased 4 (17) 2 (9) 1 (4)
ALAT increased 2 (9) 2 (9) 0 (0)
Flu-like symptoms 2 (9) 0 (0) 0 (0)
Hypophysitis* 2 (9) 1 (4) 0 (0)
Lipase increased^ 2 (9) 1 (4) 0 (0)
Colitis 1 (4) 1 (4) 0 (0)
Dry mouth 1 (4) 0 (0) 0 (0)
Dry skin 1 (4) 0 (0) 0 (0)
Myalgia 1 (4) 0 (0) 0 (0)
Sarcoid-like reaction 1 (4) 1 (4) 0 (0)
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Supplementary Table 4: characteristics of patients with collected primary tumors.

N = 17 available patients No. of patients Percentage
Age at diagnosis, years (median, range) 51 (33-65)
Molecular subtype (assessed on primary tumor1,2)

ER+HER2-
ER+HER2+

16 
1 

94%
6%

Histological grade primary tumor
Grade 1
Grade 2
Grade 3
Unknown

2 
9 
3 
3 

12%
53%
18%
18%

Tumor stage at diagnosis
T1
T2
T3

4 
8 
5 

24%
47%
29%

Nodal stage at diagnosis
N0
N1
N2
N3

5 
5 
2 
5 

29%
29%
12%
29%

Neo-adjuvant chemotherapy 6 35%
Response to neo-adjuvant chemotherapy

pCR 
pPR (1-50% tumorrest)
pNR (>50% tumorrest or no response)

0
1 
5 

0%
17%
83%

Disease course 
Primary-metastasis
Primary-local recurrence-metastasis4

De novo M15

Primary-2nd primary-metastasis1

Primary-contralateral recurrence-metastasis1

10 
3 
2 
1 
1 

59%
18%
12%
6%
6%

Biopsy site GELATO-trial
Liver
Lymph node
Peritoneum
Cervix
Skin
Thoracal wall

7 
4
3
1
1
1 

41%
24%
18%
6%
6%
6%

1For 1 patient with a secondary primary tumor, only the second tumor was collected (first tumor was not ILC). 
For 1 patient with an isolated contralateral recurrence, the first primary tumor and contralateral recurrence were 
collected. 24/5 patients with a triple-negative metastasis had a primary ER+ tumor. 1 of these patients had a triple-
negative contralateral recurrence. Two out of 17 patients with de novo metastatic disease had ER+ disease. 3including 
mixed classical and pleiomorphic. 4Local recurrence including recurrence in skin. 1 patient had a local ILC recurrence 
and contralateral breast cancer of no special type simultaneously. 5Breast lesions are compared with synchronous 
distant metastasis.
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Supplementary Table 5: list of measured circulating immune cell populations as displayed in Figure 4A-B and 
Figure S5.

Circulating immune cell populations
Eosinophils
Basophils
Neutrophils
CD141high dendritic cells (DCs)
CD1c+ DCs
CD1c- DCs
Plasmacytoid DCs
CD14+CD16- monocytes
CD14dim monocytes
Total T cells
Conventional CD4+  T cells (within total T cells)
CD8+ T cells (within total T cells)
Regulatory T cells (within total T cells)
Double positive T cells (within total T cells)
vd1 gd T cells (within total T cells)
vd2 gd T cells (within total T cells)
Total B cells
Double negative B cells (within total B cells)
Non-switched memory B cells (within total B cells)
IgM-only memory B cells (within total B cells)
Switched memory B cells (within total B cells)
Plasmacells/blasts (within total B cells)
Naïve B cells (within total B cells)
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Supplementary Table 6: list of antibodies used for flow cytometry

Antigen Fluorochrome Clone Dilution Company Catalogue number
CD3 BUV496 UCHT1 1:100 BD Bioscience 612940
CD4 BV421 RPA-T4 1:100 BD Bioscience 562424
CD8 BUV805 SK1 1:200 BD Bioscience 612754
Pan gd TCR PE 11F2 1:100 BD Bioscience 555717
FoxP3 PE Cy5.5 FJK-16s 1:50 eBioscience/Thermofisher 35-5773-82
CCR7 APC R700 150503 1:50 BD Bioscience 565868
CD45RA BUV737 HI100 1:400 BD Bioscience 612846
CD25 AF647 BC96 1:100 BioLegend 302618
PD-1 APC Cy7 EH12.2H7 1:100 BioLegend 329922
CTLA-4 PE CF594 BNI3 1:200 BD Bioscience 562742
vd1 FITC TS8.2 1:100 Thermofisher TCR2730
vd2 BUV395 B6 1:100 BD Bioscience 748582
CD19 PE Cy5 HIB19 1:200 BD Bioscience 555414
CD3 PE Cy5 UCHT1 1:200 BD Bioscience 555334
CD56 PE Cy5 B159 1:100 BD Bioscience 555517
CD161 PE Cy5 DX12 1:100 BD Bioscience 551138
HLA-DR BUV661 G46-6 1:100 BD Bioscience 612980
CD14 BUV737 M5E2 1:100 BD Bioscience 612763
CD16 BUV496 3G8 1:100 BD Bioscience 612944
CD11c BV785 3.9 1:100 BioLegend 301644
CD1c PE Cy7 L161 1:100 BioLegend 331516
CD141 BV711 1A4 1:100 BD Bioscience 563155
CD123 PE 6H6 1:200 BioLegend 396604
CD66b AF647 G10F5 1:200 BD Bioscience 561645
CD33 PerCP Cy5.5 WM53 1:100 BioLegend 303414
CD303 APC vio770 REA693 1:100 Miltenyi Biotech 130-114-178
CD41a BUV395 HIP8 1:400 BD Bioscience 740295
FceRIa PE Dazzle 594 AER-37(CRA-1) 1:200 BioLegend 334634
CD34 FITC 581 1:100 BD Bioscience 555821
CD19 BUV395 SJ25C1 1:50 BD Bioscience 563549
IgD APC IA6-2 1:100 BD Bioscience 561303
CD20 BUV805 2H7 1:200 BD Bioscience 612905
CD27 PE M-T271 1:200 BD Bioscience 555441
CD10 AF700 HI10a 1:200 BD Bioscience 563509
CD24 BB515 ML5 1:200 BD Bioscience 564521
IgM APC Cy7 MHM-88 1:100 BioLegend 314520
CD38 BUV737 HIT2 1:400 BD Bioscience 741837
CD5 PE Dazzle 594 L17F12 1:400 BioLegend 364012
CD1d BV786 42.1 1:200 BD Bioscience 743608
CD138 BV711 MI15 1:200 BioLegend 563184
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Abstract

Immunotherapy using anti-PD(L)1 has revolutionized treatment for various tumor 
types. Early data have shown durable responses in a small subgroup of breast 
cancer patients. So far, the response rates appear higher for breast tumors that 
are triple negative, PDL1-positive and/or harbor high levels of immune cells. Both 
comprehensive analyses of the breast tumor microenvironment and exploiting 
research on biomarkers in other cancer types, such as melanoma and lung cancer, 
may contribute to the discovery of accurate biomarkers to select breast cancer 
patients for immunotherapy. Here we summarize key features of the breast 
tumor microenvironment as well as putative predictive biomarkers established in 
other tumor types. Insights from both fields can guide future studies to enable 
personalized breast cancer immunotherapy.

Practice points

• Although response rates to anti-PD(L)1 are moderate in breast cancer, 
durable responses are seen.

• No accurate biomarkers for the prediction of response to immunotherapy in 
breast cancer are available yet.

• Response rates to anti-PD(L)1 appear higher in triple-negative breast cancer 
(TNBC) and PDL1-positive breast cancer.

• Early data show that TNBC patients with a tumor harboring relatively high 
levels of tumor infiltrating lymphocytes have a better outcome after anti-
PD(L)1.

• As seen in melanoma patients, TNBC patients with high serum lactate 
dehydrogenase levels are less likely to respond to anti-PD(L)1 monotherapy.

• Exploiting research on immune biomarkers in other cancer types can guide 
the analyses of samples of breast cancer patients treated with anti-PD(L)1 
in order to find predictive biomarkers.

• It needs to be determined whether potential biomarkers predicting response 
to anti-PD(L)1 have solely predictive value or capture information on 
prognosis as well.
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Immunotherapy has revolutionized cancer treatment for various tumor types. 
The major breakthroughs are seen with antagonistic monoclonal antibodies 
directed against CTLA-4, PD-1 and PD-L1. Objective response rates (ORRs) with 
anti-PD(L)1 treatment range from 40% in stage IV melanoma patients1 to 19–23% 
in stage IV non-small-cell lung cancer (NSCLC)2–4 and 25% in renal cell carcinoma 
(RCC) patients5. Importantly, durable responses are seen in patients responding to 
therapy. Recently, impressive progression-free survival (PFS) benefits of anti-PDL1 
were seen in stage III NSCLC patients after chemoradiotherapy as compared with 
placebo6 and longer recurrence-free survival with adjuvant anti-PD1 in stage III/IV 
melanoma as compared with anti-CTLA-47.

Historically, breast cancer was long considered a low-immunogenic malignancy. 
However, accumulating data regarding the value of breast tumor-associated 
immune cells and early data on efficacy of immune checkpoint inhibition such 
as anti-PD(L)1 in metastatic breast cancer have led to reconsideration of this 
viewpoint. Anti-PD(L)1 is currently under investigation in breast cancer patients 
and promising response rates have been presented. In order to treat the right 
patients with the right immunomodulatory therapy, biomarkers are needed to 
predict response to immunotherapy. For breast cancer, no predictive biomarkers 
for immunotherapy are available yet. In-depth analyses of the breast cancer tumor 
microenvironment (TME) and the systemic immune response of breast cancer 
patients may help the identification of possible biomarkers. Furthermore, putative 
biomarkers found in other malignancies can guide the discovery of predictive 
biomarkers in breast cancer. In this review, we will describe the current status 
of biomarker research based on the small clinical trials evaluating anti-PD(L)1 in 
metastatic breast cancer presented so far. In addition, we summarize previous 
preclinical and translational research on the anti-breast cancer immune response 
that might be crucial for response to anti-PD(L)1. Lastly, we will discuss putative 
predictive biomarkers established in other tumor types that might be important for 
the selection of breast cancer patients for immunotherapy. Figure 1 summarizes 
the opportunities for the development of biomarkers to predict immunotherapy 
response in breast cancer.
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Figure 1. Opportunities for development of biomarkers to predict immunotherapy response in breast cancer. 
Currently, ongoing analyses of samples of breast cancer patients treated with anti-PD(L)1 have shown that ER-status, 
TIL, CD8 and LDH could be potential biomarkers (middle panel). New biomarker analyses can be guided by mechanism 
based preclinical or translational research (left panel) or from clinical trials with anti-PD(L)1 in other cancers, such 
as melanoma, NSCLC or bladder cancer (right panel). Information on these markers and references can be found in 
the text.
†US FDA approved biomarkers (PD-L1: ≥50% expression on tumor cells in NSCLC).
BC: Breast cancer; DC: Dendritic cell; ER: Estrogen receptor; ESR: Erythrocyte sedimentation rate; LDH: Lactate 
dehydrogenase; MDSC: Myeloid-derived suppressor cell; MMR: Mismatch repair; NLR: Neutrophil-to-lymphocyte ratio; 
NSCLC: Non-small-cell lung cancer; TAM: Tumor-associated macrophage; TCR: T-cell receptor; Teff: Effector T-cell; TIL: 
Tumor infiltrating lymphocyte; TME: Tumor microenvironment; Tregs: Regulatory T-cell.

First results of trials evaluating anti-PD(L)1 in breast cancer

In 170 patients with triple-negative breast cancer (TNBC), pretreated with 
chemotherapy for metastatic disease and not preselected based on PD-L1 
expression (KEYNOTE-086A), an ORR of 5% was found upon treatment with anti-
PD1 (pembrolizumab)8. In another cohort (KEYNOTE-012) of 27 patients with 
heavily pretreated PD-L1-positive metastatic TNBC (mTNBC), the ORR was 19%9. 
In the KEYNOTE-86B cohort of 52 patients treated with anti-PD1 as first line of 
therapy for metastatic disease and with PD-L1-positive tumors, the ORR was 23%10. 
In another Phase I study with 112 patients with mTNBC, treated with anti-PDL1 
(atezolizumab), an ORR of 10% was seen11. In conclusion, in mTNBC response rates 
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presented so far are around 5–23% and seem to be associated with PD-L1 expression 
and extend of previous chemotherapies. 

On a smaller scale, anti-PD(L)1 has been evaluated in metastatic ER-positive 
disease. Dirix et al. found an ORR of 3% in 72 patients after treatment with 
anti-PDL1 (avelumab)12. The KEYNOTE-028 study with 25 ER-positive metastatic 
breast cancer patients, all with PD-L1-positive tumors, revealed an ORR of 12%13. 
Currently, many trials are ongoing in metastatic breast cancer evaluating the role 
of anti-PD(L)1 in combination with chemotherapy. Anti-PDL1 plus nab-paclitaxel 
resulted in an ORR of 42% in 24 mTNBC patients14. The combination of eribulin 
and anti-PD1 in 39 pretreated mTNBC patients induced responses in 33% of the 
patients15. It still remains unclear whether this potential synergy between anti-
PD(L)1 and chemotherapy is simply related to the direct effect on tumor growth 
or to proposed immunomodulatory aspects of chemotherapy16. Preliminary data 
presented at ESMO 2017 of the Phase II TONIC trial (NCT02499367) showed an 
ORR of 24% in 50 mTNBC patients after 2 weeks of pretreatment with either low-
dose chemotherapy (cisplatin, doxorubicin and cyclophosphamide), radiotherapy 
or no pretreatment, followed by anti-PD1 (nivolumab)17. In-depth analyses of 
tumor biopsies are needed to unravel the potential immunomodulatory effect of 
chemotherapy/radiation on the breast TME.

Several neoadjuvant immunotherapy trials are ongoing in early breast cancer 
patients. In the TNBC cohort of the neoadjuvant adaptive I-SPY trial, Nanda et 
al. found three-times higher estimated complete response rates when combining 
anti-PD1 with paclitaxel, compared with paclitaxel monotherapy; 60 versus 20%. 
Furthermore, the estimated complete response rate was significantly increased 
in ER-positive disease with the addition of anti-PD1 (34 vs 13%)18. Schmid et al. 
described an ORR of 100% in ten early TNBC patients treated with carboplatin/
nab- paclitaxel plus anti-PD1, followed by doxorubicin/cyclophosphamide (AC) 
and anti-PD119. Lastly, preliminary data in a third trial showed a pathological 
complete response rate of 71% in seven early TNBC patients treated with anti-PDL1 
(durvalumab) plus nab-paclitaxel and AC20.

Potential biomarkers predicting outcome of anti-PD(L)1 in breast 
cancer

As described above, so far, a limited number of patients were enrolled in clinical 
trials evaluating anti-PD(L)1 in breast cancer. Moreover, these trials are not 
designed for the discovery and validation of biomarkers. In two studies PD-L1-
positive TNBC had higher ORR as compared with patients with low expression 
of PD-L111,12. Furthermore, patients with at least 10% stromal tumor infiltrating 
lymphocytes (sTIL) or 1.35% CD8-positive cells (median used as cut-off) tended 
to have higher response rates11. Recently, Loi et al. confirmed the predictive 
value of sTIL in the KEYNOTE-086 cohorts, in which significantly higher levels of 
sTIL were seen in mTNBC patients responding to anti-PD1. This effect was even 
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more pronounced in the KEYNOTE-86B cohort of PDL1-positive tumors that were 
not pretreated for metastatic disease. Of note, PD-L1 expression itself was not 
correlated with outcome after anti-PD121.

Only a few studies have reported on potential biomarkers using peripheral blood. 
In the KEYNOTE-012 study, all five patients with a serum lactate dehydrogenase 
(LDH) level of above 800 U/l progressed within 8 weeks after study entry9. Also in 
the KEYNOTE-086 cohorts, LDH was associated with worse outcome after anti-PD1 
treatment21. So far, no data are available on the predictive capacity of genetic 
characteristics in breast cancer, such as mutational load and gene expression. 
However, a slightly higher neoantigen load was seen in responders to combination 
therapy (anti-PDL1 plus anti-CTLA-4) in a small cohort of mTNBC and ER-positive 
patients22.

Breast tumor microenvironment

Besides future unbiased analyses of side studies from the trials summarized 
above, insights gained in the last decades from preclinical as well as translational 
breast cancer research may be helpful on our way to personalized breast cancer 
immunotherapy. Here we discuss the most important components of the breast 
TME that could inform future analyses of samples of patients treated with anti-
PD(L)1.

Tumor intrinsic features
Genomic instability is a hallmark of cancer and an important determinant of the 
immunogenicity of cancer cells. Accumulation of tumor-specific nonsynonymous 
mutations, called mutational load, can lead to the formation of peptides that are 
entirely absent from the normal human genome, so-called neoantigens. This can 
increase the ‘foreignness’ of the tumor and can thereby evoke an immune response23. 
In breast cancer, HER2-enriched tumors and TNBC exhibit a significantly higher 
mutation rate than ER-positive disease and are therefore more likely to harbor 
more neoantigens24,25. Copy number variants are caused by stable chromosomal 
rearrangements and occur early in breast cancer26. BRCA1/2-deficient breast 
cancers have impaired DNA double-strand break repair, which causes profuse copy 
number variant formation27,28. BRCA1-mutated cancers are associated with more 
lymphocytic infiltration as compared with a sporadic breast cancer control group29. 
Recently, Nolan et al. confirmed that TNBC tumors in the presence of a germline 
BRCA1 mutation have more sTIL and higher PD-L1 expression, as compared with 
wild-type tumors30. In addition, in DNA damage response-deficient tumors, more 
infiltration of CD4+ and CD8+ T cells was seen31.

Recently, it has been shown that response rates to anti-PD1 are strikingly high in 
mismatch repair deficient (MMRd) tumors independent of the origin of the cancer 
cell32. Microsatellite instability, caused by MMRd, results in rapid accumulation of 
somatic mutations. MMRd is rare in breast cancer, but is present in about 1–2% of 
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cases33. Profound response to anti-PD1 was seen in a breast cancer patient with 
a MMRd tumor34. Importantly, microsatellite instability might be associated with 
lower survival rates as seen in a small cohort of breast cancer patients35.

Tumor infiltrating lymphocytes
Considerable heterogeneity exists between mammary tumors with respect to 
tumor infiltrating lymphocyte (TIL) density and immune cell composition36. Higher 
lymphocyte infiltration is correlated with ER negativity and better prognosis 
in general37,38. Moreover, high TIL levels have been associated with improved 
responses to neoadjuvant chemotherapy39. A distinction can be made between 
intratumoral and stromal lymphocytes. Stromal lymphocytes are considered 
a more reliable biomarker than intratumoral lymphocytes, probably due to the 
poor reproducibility of intratumoral TIL40. The lymphocyte population in breast 
cancers is largely comprised of CD8+ cytotoxic T cells and CD4+ T-helper cells, 
followed by regulatory T cells and different subpopulations of B cells41,42. High CD8+ 
T-cell infiltration is a positive prognostic factor generally associated with TNBC 
and HER2-enriched lesions43. Different subpopulations of CD4+ T cells are present 
in the breast cancer TME, which include T-helper (Th) subsets, regulatory T cells 
(Tregs), γδ T cells and follicular T cells44,45. The presence of Th17 cells in breast 
cancer was associated with good prognosis, although functionally both pro- and 
antitumor functions have been reported46. Tregs are CD4+ CD25+ FOXP3+ T cells with a 
crucial role in protecting tissues from damage due to inflammation and preventing 
autoimmunity47. The presence of Tregs is negatively correlated with disease outcome 
in breast cancer48. A small subset of T cells is represented by the γδ T cells, which 
have an alternative T-cell receptor (TCR) that is able to recognize antigens in 
MHC-unrestricted fashion49. Like Tregs, these γδ T cells exhibit a regulatory function 
and were correlated to advanced stages and worse survival in breast cancer50,51. 
Conversely, follicular T cells have an antitumor role since they were associated 
with better prognosis in HER2- positive breast cancer45. Tumor-reactive B cells 
can produce antibodies that recognize neoantigen epitopes, which potentiates 
tumor elimination by T cells and innate immune cells52. Tumor-evoked regulatory 
B cells (Bregs) were shown to secrete immunosuppressive cytokines, which inhibited 
proliferation of CD4+ T cells. In addition, PD-L1 expression on B cells was shown to 
inhibit antitumor T-cell responses53.

Tumor infiltrating myeloid cells
Tumor-associated macrophages (TAMs) are known to facilitate metastasis54,55. In 
breast cancer, TAMs have been associated with ER negativity, higher histological 
grade and poor prognosis56. Neutrophils reduce T-cell proliferation and therefore 
suppress effector function. Alongside γδ T cells, neutrophils have a role in promoting 
breast cancer metastasis57. In a mechanistic mouse study, it was shown that 
inflamed mammary tumors secrete chemokine IL-1β, which attracts γδ T cells and 
induces them to produce anti-inflammatory cytokine IL-17 and G-CSF. Neutrophils 
are recruited by these factors and secrete inducible NOS, which in turn suppresses 
antitumor CD8+ T-cell effector function and therefore facilitates metastasis57. Lastly, 
myeloid-derived suppressive cells (MDSCs) are immature myeloid cells that exhibit 



Chapter 6

182

immunosuppressive capacity. MDSCs inhibit effector functions of T cells, natural 
killer (NK) cells and dendritic cells (DCs), while stimulating protumor functions of 
Tregs, TAMs and Th2 cells through various mechanisms. Infiltrating MDSCs have been 
associated with unfavorable outcome in breast cancer58. Of note, new insights 
concerning tumor infiltrating myeloid cells have also generated confusion due to, 
for example, the lack of consensus on phenotypic markers to detect polarized 
macrophages or MDSCs59. 

Other features of immunosuppression in breast cancer 
A balance between stimulatory and inhibitory signals regulates T-cell activity. One 
of the most important immune checkpoints in peripheral immunological tolerance 
is governed by PD-1. This co-inhibitory immune receptor represses the effector 
function of cytotoxic T cells to prevent autoimmunity60. PD1 expression is induced 
on T cells upon TCR activation61,62. Besides activated T cells, also activated B cells, 
NK cells and several other immune lineages were shown to express PD163. PD-L1, 
also known as B7-H1, is broadly expressed among different populations of immune 
cells and certain tissues, whereas PD-L2 is mainly limited to DCs. Cytokine IFN-γ, 
secreted by activated T cells, is shown to induce expression of both PD-L1 and 
PD-L264,65. Remarkably, in breast cancer PD-L1 expression was mainly observed on 
immune cells as opposed to tumor cells in other cancers66.

IFN-γ secreted in the TME induces expression of IDO67. IDO was linked to high 
TIL density in breast cancer68. Conversely, in a breast cancer murine model, high 
IDO expression was reported to have an immunosuppressive function on T cells, 
and might interfere with immunotherapy efficacy69. IDO inhibition is currently 
being evaluated in Phase I clinical trials in combination with immune checkpoint 
blockade70. Lastly, CD73 is upregulated by Tregs as another immune escape 
mechanism71. As a result of enzymatic activity of CD73, the A2a receptor (A2aR) 
on T cells is activated, which in turn enhances PD1 expression72,73. CD73 expression 
has been associated with poor outcome in TNBC74. Both CD73 and A2aR antagonist 
therapies synergize with PD1 blockade in mouse models73,75.

Systemic immune response in breast cancer

In contrast to chemotherapy or targeted therapy, immunotherapy is not directed 
against the cancer cells but can modulate the patient’s immune system. 
Emerging data in the field of clinical melanoma research show that circulating 
immunosuppressive cells or factors are associated with poor outcome after 
immunotherapy. Here we summarize the current knowledge on features of this 
systemic immune response in breast cancer.

Circulating immune cells
It was shown that breast cancer patients have decreased peripheral lymphocyte 
levels, but differences were only statistically significant for CD8+ and CD4+ T cells76. 
Compared with healthy controls, higher peripheral blood Treg counts were found in 
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breast cancer patients77,78. Elevated neutrophil-to-lymphocyte ratio as a measure 
for systemic inflammation has recently been associated with lower survival rates79. 
Peripheral blood DC counts, myeloid-derived DCs in particular, were shown to 
be consistently reduced in breast cancer patients80. In advanced breast cancer 
patients, DC count was dramatically lower as compared with early breast cancer, 
where more immature DCs were observed80,81. Finally, PD-L1 mRNA expression 
in immune cells detected in peripheral blood might be associated with disease 
progression82. Interestingly, circulating metastatic breast cancer cells expressing 
PD-L1 were also detectable83.

Secreted immunological mediators
In cancer patients, predominance of Th2-related cytokines was observed in 
peripheral blood, whereas Th1 cytokines were decreased84. Significantly reduced 
levels of IFN-γ (Th1 associated) were measured in breast cancer patients, suggesting 
that IFN-γ production by lymphocytes is partially or completely impaired76. Arginase 
serum levels were found to be elevated and increased during disease progression in 
breast cancer patients85. Treatment with VEGF antagonist bevacizumab inhibited 
the infiltration of suppressive immune cells (i.e., Tregs, TAMs and MDSCs) in a breast 
cancer xenograft model86. As discussed above, serum LDH levels are associated 
with outcome after anti-PD1 in TNBC, but LDH does also correlate with disease 
outcome in cancer. This suggests that LDH might not be a pure predictive factor for 
breast cancer immunotherapy response, but also captures prognostic information87. 
Acidification of the TME, as a result of conversion of pyruvate into lactate by LDH, 
has detrimental consequences for infiltrating T cells, such as impaired cytokine 
production and lytic activity88.

Putative biomarkers for immunotherapy in other malignancies

Research in melanoma, bladder cancer and NSCLC has already given important 
insights into features of the TME that predict response to anti-PD(L)1. This 
information can be exploited with the aim to identify putative predictive 
biomarkers in breast cancer. According to the ‘cancer immunogram’ presented 
by Blank et al., seven parameter classes can be used to describe the interaction 
between cancer and the immune system89. In this section, possible biomarkers 
found in other malignancies than breast cancer, will be described according to 
these classes.

Tumor foreignness
In patients with MMRd tumors treated with anti-PD1, high response rates are 
seen, independent of cancer type32. This led to the US FDA approval of MMRd 
as a biomarker for immunotherapy. A relationship was shown between high 
nonsynonymous mutation burden and improved response to anti-PD1 in NSCLC 
patients90. The significance of mutational load as a predictive marker was also 
confirmed in bladder cancer91. Frameshift indel mutations, small insertions or 
deletions, were associated with better response to checkpoint inhibition in 
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melanoma92. Furthermore, poor outcome after anti-CTLA-4 treatment was seen in 
patients with melanoma with tumor aneuploidy and higher burden of copy number 
loss93,94. Clonal neoantigens but not the subclonal mutations were predictive of 
response to anti-PD1 in NSCLC95.

General immune status
Increases in peripheral blood lymphocyte count during treatment has been 
correlated to improved anti-CTLA-4 response, whereas a high neutrophil-to-
lymphocyte ratio was associated with inferior outcome in anti-PD1-treated NSCLC 
patients96,97. Higher rates of MDSCs were associated with lower response rates in 
anti-CTLA-4 refractory melanoma patients treated with anti-PD198 and lower overall 
survival (OS) in melanoma patients treated with anti-CTLA-499. In addition, it was 
seen that responders to anti-CTLA-4 had a higher increase of eosinophils after one 
infusion as compared with non-responders. Also, monocyte and neutrophil count 
at baseline were significantly lower in responders. A decrease in monocytic MDSCs, 
a reduction in PD-L1 expression on MDSCs seemed predictive of response to anti-
CTLA-4 in the same cohort100.

Immune cell infiltration
Increased TILs and CD8+ T cells in particular have been linked with therapeutic 
efficacy of PD(L)1 checkpoint blockade in different cancer types, especially in 
melanoma101,102. An increase in TIL after treatment and higher baseline levels of 
FOXP3 and IDO were associated with better clinical outcome in melanoma patients 
treated with anti-CTLA-4103. Higher frequencies of FOXP3+ CD4+ T cells were also 
associated with better survival in melanoma patients treated with anti-CTLA-4104. 
CTLA4 is known to be expressed on FOXP3+ Tregs and therefore might be important 
for anti-CTLA-4 efficacy105. FOXP3 in relation to response to anti-PD(L)1 has not 
been well described. In RCC patients treated with anti-PDL1 a subtle higher ratio 
of effector T cells to regulatory T cells was seen in responders, as measured by 
gene expression106.

T-cell checkpoints
PD-L1 expression on tumors has been linked with better responses to immunotherapy 
across different cancers. However, PD-L1 expression does not appear to be a 
requisite for immunotherapeutic responses and PDL1-positive tumors are not 
always responsive107,108. Interestingly in some tumor types, such as bladder cancer, 
PD-L1 expression on immune cells appears to be more predictive of anti-PD(L)1 
response than its expression on tumor cells108,109, as might be the case for breast 
cancer.

Soluble inhibitors
Low baseline levels of the erythrocyte sedimentation rate were associated with 
better OS in melanoma patients treated with anti-CTLA-4110. In a small cohort of 
40 melanoma patients, high IL-6 levels were associated with worse outcome after 
anti-CTLA-4 treatment96.
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Inhibitory tumor mechanisms
LDH has been shown to inhibit function and survival of T cells and NK cells111. 
High levels of serum LDH are correlated with worse response to anti-CTLA-4 in 
melanoma patients110. Furthermore, higher response rates were seen in melanoma 
patients with normal LDH treated with anti-PD1112. Whether LDH is mainly a 
prognostic factor or also predictive for immunotherapy response needs to be 
further established.

Immune infiltrate activation
T-effector- and IFN-y-associated genes were associated with better OS in NSCLC 
patients treated with anti-PDL1113. This was also shown in melanoma patients that 
responded to anti-CTLA-4 or anti-PD1, in which higher expression levels of genes 
were found related to CD8+ T cells, γδ T and NK cells, and lower levels of genes 
associated with MDSCs and Tregs

114. Higher IFN-y associated gene expression levels 
were associated with better response to anti-PDL1 in urothelial cell carcinoma 
and anti-CTLA-4 in melanoma108,115. Deep sequencing of the T-cell receptor in 
peripheral blood samples of melanoma patients showed a correlation between 
TCR repertoire and better OS after immune checkpoint blockade116. An increased 
clinical benefit to anti-CTLA-4 was observed in patients with higher baseline TCR 
diversity measured from peripheral blood of melanoma patients117. In addition, it 
was found that melanoma patients who responded to neoadjuvant anti-PD1 and 
anti-CTLA-4, had more newly detectable TCR clones after 6 weeks of treatment118.

Gut microbiome
Accumulating evidence indicates that an overgrowth or absence of specific gut 
bacteria might predict response to immunotherapy. In mice with melanoma, 
Bifidobacterium was needed for anti-PDL1 response. After oral administration of 
this gut microbiome bacterium, tumors were reduced in size to the same extent as 
with anti-PDL1 alone119. In patients with metastatic melanoma treated with anti-
PD1, response was associated with a ‘favorable’ gut microbiome. More diversity, 
high abundance of Faecalibacterium and low abundance of Bacteroidales was 
associated with response to anti-PD1 and longer PFS. Fecal microbiome transplant 
of germ-free mice with feces obtained from melanoma patients responding to 
anti-PD1, resulted in reduced tumor growth120. Another study showed that NSCLC 
and RCC patients treated with antibiotics during the course of anti-PD1 had 
shorter PFS and/or OS, as compared with patients not treated with antibiotics. 
This effect remained statistically significant in a multivariate analysis including 
other prognostic markers. An association between the abundance of Akkermansia 
muciniphila and a favorable clinical outcome was seen. Fecal microbiome 
transplant with A. muciniphila in sarcoma bearing mice restored response to anti-
PD1 after treatment with antibiotics121.
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Future perspective

Knowledge on the breast TME, the systemic immune response in breast cancer 
patients and biomarkers found in other malignancies can guide the search for new 
biomarkers in breast cancer. In addition, understanding the mechanisms of response 
to immunotherapy in breast cancer will be crucial to increase benefit, including 
cure and quality of life of our breast cancer patients. To obtain this knowledge, 
comprehensive analysis of different types of data is essential. Therefore, large 
scale acquisition of cancer tissue, peripheral blood and other biospecimens is 
critical for the development of a robust classifier that can be used in the clinic 
to predict response and toxicity of immunotherapy in early and metastatic breast 
cancer patients.
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Chapter 7
Application of a risk-management 

framework for integration of stromal 
tumor-infi ltrating lymphocytes in 

clinical trials



Abstract 

Stromal tumor-infiltrating lymphocytes (sTILs) are a potential predictive biomarker 
for immunotherapy response in metastatic triple-negative breast cancer (TNBC). 
To incorporate sTILs into clinical trials and diagnostics, reliable assessment is 
essential. In this review, we propose a new concept, namely the implementation 
of a risk-management framework that enables the use of sTILs as a stratification 
factor in clinical trials. We present the design of a biomarker risk-mitigation 
workflow that can be applied to any biomarker incorporation in clinical trials. 
We demonstrate the implementation of this concept using sTILs as an integral 
biomarker in a single-center phase II immunotherapy trial for metastatic TNBC 
(TONIC trial, NCT02499367), using this workflow to mitigate risks of suboptimal 
inclusion of sTILs in this specific trial. In this review, we demonstrate that a web-
based scoring platform can mitigate potential risk factors when including sTILs 
in clinical trials, and we argue that this framework can be applied for any future 
biomarker-driven clinical trial setting.
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Introduction

Clinical trials in cancer research are increasingly incorporating biomarkers, for 
example, as an inclusion criterion or for stratification of patients to control for 
confounding factors. Practical challenges, such as interobserver variation in the 
assessment of biomarkers during the execution of the trial, are often overlooked. 
If not handled appropriately, these challenges can limit the effectiveness and 
ability to complete the biomarker and drug development process. According to 
Hall et al.1, the risks inherent to biomarker integration can be divided into risks to 
patients, operational risks, and direct risks to biomarker development. A practical 
risk-management framework developed by a National Cancer Institute (NCI), 
National Cancer Research Institute (NCRI), and European Organization for Research 
and Treatment of Cancer (EORTC) Working Group1 was proposed to manage the 
risks inherent to biomarker integration into clinical trials.

Stromal tumor-infiltrating lymphocytes (sTILs) have been strongly associated with 
prognosis in early-stage triple-negative breast cancer (TNBC) and HER2-positive 
breast cancer. In addition, sTILs are predictive for neo-adjuvant chemotherapy 
response in early breast cancer2,3. Furthermore, sTILs correlate with outcome after 
immune checkpoint blockade in metastatic TNBC4–6. The readout of sTILs, however, 
can be challenging impeding its effective use as a biomarker and its usage in the 
clinic7. The International Immuno-Oncology Biomarker Working Group (hereafter 
called the TIL Working Group) has provided guidelines for the scoring of sTILs in 
breast cancer8, and the St. Gallen Breast Cancer Conference of 2019 endorsed sTILs 
being routinely characterized in TNBC and reported according to these guidelines8.

Risks associated with integration of biomarkers in clinical trials 

In contemporary clinical research there is an increasing trend toward the use of 
biomarker results obtained in daily practice to select patients for inclusion in clinical 
trials. Although biomarker research is more and more prominent in clinical trials, 
most biomarkers will not make into the clinic9. Therefore, continuous monitoring 
of the predefined risks and the solutions can improve the quality of the biomarker, 
which can be applied in a clinical trial setting, as well as in daily practice. The 
recommendations of the TIL Working Group8,10 for appropriate scoring, and the risk- 
management framework of the NCI, NCRI, and EORTC Working Groups1 will help to 
effectively and efficiently improve the incorporation of biomarkers in clinical trials 
in first instance.

Several risks are associated with biomarker development and integration of 
biomarkers in clinical trials. Roughly, risks can be divided into three categories: 
risks to patient safety, operational risks, and risks to biomarker development. 
Not all risks are applicable to all clinical trials and upon designing a biomarker-
incorporating clinical trial, risks should be defined and mitigation approaches 
formulated. It is highly recommended that during a clinical trial, risks are not 
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only pre-identified but are also continuously monitored to prevent stagnation 
in biomarker development1. For example, incorporating biomarkers in a large 
multi-center international clinical trial involves different risks than a small single-
center trial. In the first case, there might be different legislation regarding data 
confidentiality, and inter-laboratory variability can be an issue. When incorporating 
a biomarker as inclusion criterion or stratification factor in clinical trials, rapid 
turnaround times are needed and the highest level of quality is necessary for 
correct interpretation of the results. In the next steps of biomarker development, 
high-quality results are needed to ensure implementation in daily clinical practice.

Use of digital pathology in clinical trials and development of a novel 
web application

In larger trials, usually phase II–III, central pathology review (CPR) plays an 
important role in the reliable assessment of biomarker scoring. However, logistical 
issues, such as the sending of tumor blocks or slides, can be time consuming, 
costly for the pathology laboratory, and error prone with significant consequences 
for patient inclusion if the wrong material is sent to the central lab. Digital 
sharing of histology slides and patient data simplifies logistics for CPR11. Besides 
digital sharing and scoring of slides, digital image analysis and machine learning 
approaches are emerging in clinical research12,13. The use of digital pathology or 
digital evaluation of histology slides most prominently mitigates risks associated 
with operational processes. It can reduce the number of missing samples, since 
the sharing of material is simplified; it enables rapid turnaround times; reduces 
manual errors; and can streamline local versus central assessment of biomarker.

For clinicians and researchers to use digital pathology, applications and websites 
should be user-friendly and intuitive. As an example, a web-based tool called Slide 
Score (www.slidescore.com) was developed as a cross-platform web application 
to facilitate the scoring of whole slide images and tissue microarray (TMA) 
cores. Application programming interface (API) was implemented that allowed 
programmatic administration of studies, uploading slides, fetching results, and 
retrieving pixel data for regions of images. This API enabled automating creation 
of new studies from internal database system for managing biobanking workflows. 
Additionally, a plugin was developed for QuPath14 - open-source image analysis 
software - which uses this API to run image analysis algorithms on slides stored on 
the Slide Score platform avoiding the need to download the slides. This web-based 
platform was used in high-impact projects6,15, for example, for the digital scoring 
of biomarkers in the first stage of the TONIC trial6, and the estimation of the 
immune infiltrate of tumors of melanoma patients used for single-cell sequencing15. 
Furthermore, the web-based platform is currently used for several other types of 
research, such as interrater variability studies, retrospective TMA, and whole slide 
scoring and prospective biomarker scoring.
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Design of a workflow to mitigate risks associated with biomarker 
development: an example

We identified seven distinct risks with the risk-management framework published 
by Hall et al.1 as possibly interfering with the quality and integration of prospective 
sTILs scores in a clinical trial, and designed our workflow accordingly (Table 1). 
These risks are specific for this trial, but some of them are applicable also to other 
trials. They span all three categories mentioned above1 and included (1) poor-
quality biopsies, (2) possible loss of data confidentiality, (3) interrater variability, 
(4) poor sample quality, (5) poor scoring quality, (6) delay in patient registration, 
and (7) manual errors (Table 1). We then defined solutions to mitigate these risks 
and integrated these solutions in a workflow that can be applied across clinical trials 
and across biomarkers (Figure 1). The workflow can be modified according to local 
guidelines, research questions, and clinical trial designs. We used the following 
workflow to obtain timely and reliable sTILs scores (summary in Supplementary 
Figure 1).

After obtaining informed consent of a patient, three biopsies of one metastatic 
lesion (lymph node, skin, liver, or other) were obtained in this trial. Previous 
research has shown that three 14 G core needle biopsies should be sufficient for 
accurate breast cancer diagnosis16. A hematoxylin and eosin (H&E)-stained slide of 
one biopsy was then evaluated, to ensure that the biopsy contained enough tumor 
cells (more than 100 cells) for further analysis (risk 1). Next, a high-resolution 
digital scan was obtained and automatically pseudonymized with study-specific 
identifiers (risk 2) before uploading to Slide Score. Display of the original labels 
was masked to ensure confidentiality of all data within Slide Score (Supplementary 
Figure 2b). Pathologists and administrators had to login with their username and 
password to access the slides and were able to add a two-factor authentication 
application. Four well-trained breast pathologists, based in three different 
institutes and in two different countries, were notified via email to score each 
slide using existing sTIL scoring guidelines of the TIL Working Group8,10 to reduce 
interrater variability (risk 3). sTILs are scored as the percentage of lymphocytes in 
the total stromal area (in close proximity of the tumor cells). Interrater variability 
can lead to bias in the results, when assessment of a biomarker is skewed towards 
either the lower or higher ranges. When there was a disagreement (using a 5% cut-
off) a concordance-score was agreed upon (Supplementary Figure 1). Low-quality, 
inaccurate collection or processing of samples can result in low sample availability 
and introduce batch effects or bias in the results (risk 4) and lead to non-consistent 
scores (risk 5). High quality of samples was ensured by standardization of our 
workflow in which all steps were performed in the same manner for every biopsy 
(Supplementary Figure 1). Oversight of the entire workflow by one person, referred 
to as the central manager, is essential for timely identification of technical errors. 
The central manager tracked the timing of the biopsies, notified the pathologists 
immediately after the scan was uploaded and sent reminders if necessary, kept 
track of the scores and timing, and noted the score in the patient record for trial 
office notification. We predefined acceptable timeframes for obtaining the scores 
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of the reviewers and tracked these during the study progress (risk 6; Supplementary 
Figure 1). Pathologists were notified via email the next working day when the slide 
was not scored yet to minimize the waiting period to start treatment (risk 6). 
Finally, using Slide Score, we reduced the risks of typos and other manual errors 
by collecting all slides within one online study group (collection of slides) and a 
customized scoring form was built to standardize scores and obtain structured data 
(risk 7).

Web-based 
central repository

Center n: Scan

Center 1: Scan
1. Upload

1. Upload

Central Manager

3. 
Noti

fy

Pathologists

Trial Office

5. Send results

4. Score

2. Check
quality

Figure 1: Organization of a workflow for reliable and timely biomarker scoring in a general single-center or 
multi-center trial. Personnel at individual centers scan the slides after processing by the local pathology department. 
Digital slides are uploaded to a central web-based repository, such as Slide Score. A study-specific identifier is assigned 
to each sample. The central manager is notified by the system when new slides are available and requests pathologists 
to review it. When a consensus score is obtained, the trial office is notified for randomization of the patient.

Implementation of workfl ow in the TONIC-trial

The TONIC trial (NCT02499367)6 is a phase II, non-comparative randomized multi-
cohort single-center trial (full title: Adaptive phase II randomized non-comparative 
Trial Of Nivolumab after Induction treatment in TNBC patients), designed to 
assess the efficacy of induction of an anti-cancer immune response by low-dose 
chemotherapy or irradiation to increase response to anti-PD-1 in patients with 
metastatic TNBC. In the first part of the trial6, patients with metastatic TNBC 
were randomized to nivolumab (1) without induction or two-week low-dose 
induction, with (2) irradiation (3 × 8 Gy), (3) cyclophosphamide, (4) cisplatin, 
or (5) doxorubicin, all followed by nivolumab (anti-PD-1; 3 mg/kg). Based on a 
Simon’s two-stage design17 and prespecified pick-the-winner criteria, only the 
doxorubicin cohort was allowed to continue in the second part of the trial6. In 
the second part of the TONIC trial, patients were randomized between anti-PD-1 
monotherapy (control group) and two cycles of low-dose doxorubicin (15 mg flat 
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dose, weekly), followed by anti-PD-1 (Supplementary Figure 2a). Randomization 
was stratified for sTILs. Stratification is done by dividing patients in two categories, 
namely sTILhigh (equal or exceeding 5%) and sTILlow (lower than 5%). The cut-off was 
determined based on data obtained in the first part of the TONIC trial, in which 
we observed that sTILs were predictive of response to anti-PD-1, both continuous 
and when a cut-off of 5% was used6. These data confirmed the predictive value 
of sTILs of at least 5% in another trial, which tested the efficacy of anti-PD-1 in 
patients with metastatic TNBC4. The full protocol, including four amendments, and 
the informed consent form were approved by the medical-ethical committee of 
The Netherlands Cancer Institute. All patients provided written informed consent 
before enrollment. The trial was registered on 17 August 2015. The 47 patients of 
the second part of the trial were randomized between March 2018 and July 2019. 
Full eligibility criteria and trial procedures have been described previously6.

In the second part of the TONIC trial, we could implement our workflow with a 
focus on accurate and reproducible sTIL scores within a reasonable timeframe 
after a biopsy was taken (72 h). For all 47 patients included in the trial, reliable 
sTIL scores were obtained with 45 biopsies scored within the 72-h timeframe 
(Supplementary Figure 3). During the course of the study, the server of Slide Score 
was available 99.9% of the time. Five biopsies had to be re-evaluated due to a 
discrepancy in the categorical scores, when not all pathologists agreed on the 
appropriate category of the sTIL score (lower than 5% versus higher or equal to 
5%). In three of these cases the score of one pathologist was higher (5 or 10%) than 
the score of the other two or three pathologists (0–3%). The average sTIL score was 
obtained and the pathologist causing the disagreement was notified. In the fourth 
and fifth case, two pathologists scored 5 and 10%, whereas the other pathologists 
scored 1%. All four pathologists were notified of the disagreement and a consensus 
score of 5% was obtained. We observed an intraclass correlation coefficient of 
0.94 (95% confidence interval (CI): 0.91–0.97) for sTILs as a continuous variable. 
Interrater agreement for the categorical variable used in the stratification (sTILs 
<5% or ≥5%) was 0.86 (multirater Fleiss’ κ18; 95% CI: 0.73–1; Supplementary Figure 
2c). In the anti-PD-1 monotherapy cohort, we observed that 13 out of 23 patients 
(56.5 %) had sTILs below 5%, as compared to 15 out of 24 patients in the doxorubicin 
cohort (62.5 %; Fisher’s exact test p value 0.77). The distribution of the sTIL scores 
is depicted in Supplementary Figure 2d. These data indicate effective stratification 
based on the cut-off of 5%, but a slightly uneven distribution in the higher ranges 
of sTIL scores (10% or higher) inherent to the use of our cut-off. We observed a 
median time from biopsy until the scanning of the H&E slide of 30 h (range 24–98 
h) and a median time from the biopsy until at least three scores were obtained of 
43 h (range 27–106 h). In total, the median time from biopsy until registration in 
the patient records was 49 h (range 41–106 h; Supplementary Figure 2e), with 96% 
of biopsies scored within 72 h. Two biopsies were not scored within the 72-h time 
limit, due to additional processing of one sample and one delay in registration time 
due to the absence of the central manager (Supplementary Figures 1 and 3).
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Advantages and limitations of a web-based risk-mitigation workflow 

Our proposed solutions involved standardization of our workflow, obtaining digital 
images and the use of a web-based tool such as Slide Score for the managing 
and scoring of digital images. Anticipating the incorporation of digital images in 
routine diagnostics, our workflow shows that it is feasible for a pathologist to score 
digital images with high reliability. Moreover, a web-based tool can facilitate the 
process of coordinated uploading of digital images, pseudonymizing slides, and 
regulate access to studies and proper data management. Web-based platforms are 
therefore of high interest in biomarker research and can help with automation that 
can be transferred to clinical practice in the future.

In this study, we obtained sTIL scores within 72 h after a biopsy was taken, which 
is a reasonable timeframe for clinicians to start randomization of patients to 
treatment arms in a clinical trial. We observed an excellent interrater agreement 
score between our panel of four expert pathologists. In an accompanying paper7 we 
demonstrate using data from three RING studies of the TIL Working Group that the 
concordance achieved using a risk-management approach as detailed in this study 
is substantially higher than observed outside this risk-management perspective as 
observed in the three RING studies and in other published studies19,20. However, our 
sample size is small and the four pathologists in the current study were trained 
and experienced in the scoring of sTILs in breast cancer. Also, the biopsies used in 
this study were checked for containing sufficient tumor cells (≥100 cells) before 
the slide was scored for sTILs, which could have further improved our results. 
In the future, it is to be expected that computational workflows will further 
improve the scoring of sTILs13. Although we obtained reliable and timely results 
in 96% of cases, the presence of a central manager is crucial. In one case there 
was a delay in registration time due to the absence of the central manager. The 
manual intervention of quality checks, processing of the slides, and data cannot be 
circumvented in our workflow.

Stratification in this study was performed using sTILs as a binary variable (lower 
than 5% versus higher or equal to 5%). Consequently, we observed an uneven 
distribution in continuous sTILs scores between the cohorts (Supplementary Figure 
2d). This was mainly due to more patients with sTILs scores above 10% in the anti-
PD-1 monotherapy cohort. Inherent to the use of a binary cut-off for stratification, 
the median of the continuous measurement might still differ between cohorts. 
Alternatively, multiple categories for the same variable can be used in stratification. 
However, this approach generates more strata, with lower number of patients in 
each stratum, possibly leading to an imbalance in distribution21,22. Moreover, at the 
time of writing of this paper no cut-offs for sTILs are established and/or properly 
validated for predictive purposes.

During the trial, we continuously monitored whether our strategy was still feasible 
within the set timeframe by means of regular evaluation by the pathologists and 
the study coordinators. This led to rapid adjustment of the workflow if needed, 
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ensuring the quality of the sTIL scores. For example, pathologists could easily login 
remotely and score a digital H&E outside the hospital ensuring that sTILs were still 
scored within 72 h after biopsy. Ongoing evaluation during the clinical trial is of 
critical importance for risk mitigation in biomarker research1.

Future applications of the workflow

Our strategy can serve as a template for risk management and mitigation of all 
identified risks in future clinical trials incorporating biomarkers for inclusion, 
enrichment, or stratification. By no means will risks identified in this study be similar 
for all clinical trials. Each trial will have its own risks that need to be mitigated, 
although there will be similarities between the risks across clinical trials. Defining 
the risks that come with biomarker development will help tested biomarkers 
eventually make their way to the clinic. However, one may even argue that a 
similar risk-management strategy can be applied in daily practice. In the BELLINI 
trial (NCT03815890), two cycles of neo-adjuvant anti-PD-1 are administered in 
patients with early-stage TNBC or luminal B breast cancer. All patients are required 
to have at least 5% sTILs in the pretreatment biopsy and patients are thereafter 
stratified in three sTIL categories. Our workflow will be used to ensure timely and 
reliable sTIL scores for the right patient selection. By using our workflow, scoring 
of sTILs is highly standardized, allowing also smaller centers with less extensive 
experience in sTILs scoring to participate in a clinical trial.

Conclusions

In contemporary clinical research there is an increasing trend toward the use 
of biomarker results obtained in daily practice to select patients for inclusion 
in clinical trials. Therefore, continuous monitoring of the predefined risks and 
the solutions can improve the quality of the biomarker, as can be applied in a 
clinical trial setting, as well as in daily practice. The recommendations of the 
TIL Working Group8,10 for appropriate scoring, the risk-management framework of 
the NCI, NCRI, and EORTC Working Groups1, as well as our proposed strategies to 
reduce risks will help to effectively and efficiently improve the incorporation of 
biomarkers in clinical trials in first instance, herewith illustrated using sTILs as a 
paradigm of this development.

Data availability

The data that support the findings of this study are available from the corresponding 
author upon reasonable request.
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Supplemental material

Informed consent patient

Biopsies metastatic lesion

H&E staining

Obtain high-resolution scan

Upload pseudonymized scan on Slide Score 

Notify 4 pathologists

Digital scoring by at least 3 pathologists in 
Slide Score

Note average score in patient file

TIL < 5% TIL ≥ 5%

Randomization

24 h
9 (19)

48 h
32 (68)

72 h
45 (96)

Quality check on tumor cells/stroma

Proposed time
No. of patients (%)

Supplementary Figure 1: Workflow for risk mitigation for the use of sTILs as a stratification factor in the TONIC-
trial. Every block represents one step in the workflow. On the left side of the workflow, the proposed timeline 
is depicted. Numbers below the timestamps reflect the number of patients and percentage of total patients that 
finalized the step within the proposed time. 
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Supplementary Figure 2: Implementation of the workfl ow in the second part of the TONIC-trial. (a) Setup of part 
2 of the adaptive phase II TONIC-trial6. Patients are randomized between anti-PD-1 monotherapy (control cohort) 
or start with two cycles of low-dose doxorubicin followed by anti-PD-1. Before the start of treatment biopsies are 
taken. (b) User interface of Slide Score. A customized sTILs scoring form is depicted in the image. Users can zoom in 
on the whole image with high resolution. A representative lymph node biopsy is displayed. (c) Interrater agreement 
sTILs. The intraclass correlation coeffi  cient (ICC) is calculated over continuous sTILs of all raters. Fleiss’ Kappa is 
calculated over categorical sTILs (5% or higher versus lower than 5%) of all raters. Error bars represent the 95% 
confi dence intervals. (d) Distribution of sTILs over all patients and per cohort. The fi nal sTILs scores that are used for 
stratifi cation are depicted (average of three or four pathologists). Every dot represents one score, boxplots represent 
the median with 25-75% percentile, error bars represent the range. (e) Turnaround time sTILs. Depicted is the time in 
hours that it takes from the biopsy to the scan, the biopsy to the fi nal score of the panel of pathologists and the biopsy 
to the registration of sTILs in the patient records (availability of scores). Boxplots represent the median with 25-75% 
percentile, error bars represent the range.
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Supplementary Figure 3: Diagram of biopsies and sTILs scores available for stratification in the TONIC-trial. 
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Abstract

Immune checkpoint blockade (ICB) is currently approved for patients with triple-
negative breast cancer (TNBC), whereas responses to ICB are also observed in 
a small subgroup of Estrogen Receptor (ER)-positive breast cancer. The cut-off 
for ER-positivity (≥1%) is based on likelihood of endocrine treatment response, 
but ER-positive breast cancer represents a very heterogeneous group. This raises 
the question whether selection based on ER-negativity should be revisited to 
select patients for ICB treatment in the context of clinical trials. Stromal tumor-
infiltrating lymphocytes (sTILs) and other immune parameters are higher in TNBC 
compared to ER-positive breast cancer, but it is unknown whether lower ER levels 
are associated with more inflamed tumor microenvironments (TME). We collected 
a consecutive series of primary tumors from 173 HER2-negative breast cancer 
patients, enriched for tumors with ER expression between 1 and 99% and found 
levels of stromal TILs, CD8+ T cells, and PD-L1 positivity in breast tumors with ER 
1-9% and ER 10-50% to be comparable to tumors with ER 0%. Expression of immune-
related gene signatures in tumors with ER 1-9% and ER 10-50% was comparable to 
ER 0%, and higher than in tumors with ER 51-99% and ER 100%. Our results suggest 
that the immune landscape of ER low tumors (1-9%) and ER intermediate tumors 
(10-50%) mimic that of primary TNBC. 
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Introduction 

Estrogen receptor (ER) expression assessment is one of the cornerstones in the 
diagnostic work-up for breast cancer and is an essential biomarker for prediction 
of endocrine treatment efficacy1,2. Current ASCO/CAP recommendations define ER-
positive tumors as having ≥1% ER expression and tumors with ER expression between 
1 and 10% as ER low-positive tumors2. This cut-off is based on studies that reported 
lack of responses to endocrine treatment in tumors with no ER expression3,4, 
but a pragmatic cut-off of 10% is sometimes used in clinical trials5-8 and in daily 
practice9. Although the cut-off was originally meant for endocrine treatment 
response, it is also being used for selecting breast cancer for novel treatments 
such as immune checkpoint blockade (ICB). Approximately 2-5% of HER2-negative 
patients have breast cancer with low-positive ER (1-9%) expression10-12. Recently, 
several studies demonstrated that patients with ER low-positive HER2-negative 
breast cancer have similar outcomes as compared to triple-negative breast cancer 
(TNBC) patients10-14. ER low-positive breast tumors have comparable progesterone 
receptor (PR) levels12,15, tumor grade10-13,16 and Ki-67 expression11,13,16 to TNBC 
and are usually classified as basal-like or HER2-enriched11,15,17. Intermediate ER 
expression of 10-50% is common in approximately 5-10% of breast tumors18,19 and 
we hypothesize that this group might share basal-like features with TNBC similar 
to the ER low-positive group. 

In general, as compared to ER-positive tumors, ER-negative tumors have a more 
inflamed tumor microenvironment (TME), characterized by prominent stromal 
tumor-infiltrating lymphocyte (sTIL) infiltration20, CD8+ T-cells21 and higher 
expression of immune-related gene sets22. sTILs and CD8+ T cells are positively 
associated with prognosis and chemotherapy efficacy in early-stage TNBC20,21,23-

26, while in ER-positive breast cancer the role of immune cell infiltration is less 
clear20,27,28. Responses to ICB are also more prominent in patients with TNBC29. Neo-
adjuvant ICB plus chemotherapy is currently approved for early-stage TNBC30 and 
promising results have been observed in high-risk ER-positive breast cancer8,31,32. 
Exploratory biomarker studies from these and other trials demonstrated that 
expression of immune-related genes are associated with response33 or survival34 
to neo-adjuvant ICB in early-stage TNBC, while sTILs and PD-L1 expression mainly 
have predictive value in the metastatic setting35,36. It is currently not known 
whether breast tumors with low-positive (1-9%) or intermediate-positive (10-50%) 
ER expression are comparable to TNBC in terms of immune characteristics that are 
relevant for ICB response and whether these patients are therefore more likely to 
respond to ICB.

In this study, we aim to explore immunological characteristics of HER2-negative 
breast tumors with low-positive (1-9%) or intermediate-positive (10-50%) ER 
expression, as compared to TNBC and tumors with high ER expression (>50%). 
Using a consecutive series of tumor blocks, enriched for tumors with ER expression 
between 1 and 99%, we investigated clinicopathological characteristics and 
features of the TME that have previously been associated with response to ICB in 
breast cancer. 
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Results

Clinicopathological characteristics in relation to ER expression levels
A series of tumor blocks from 173 HER2-negative patients was collected, enriched 
for ER expression between 1-9%, 10-50% and 51-99%. All patients diagnosed in the 
Netherlands Cancer Institute between 2011 and 2019 with HER2-negative primary 
breast cancer with ER expression between 1 and 50% and for whom tumor material 
was available were identified, of which 17 patients had tumors with ER1-9% (low-
positive) and 22 patients with ER10-50% (intermediate-positive; Supplementary 
Figure 1). Subsequently, a consecutive series of tumors with ER0% (negative; 
n=46), ER51-99% (high; n=37) and ER100% (ultrahigh; n=51) within these diagnosis 
years were collected, aiming for balanced group sizes. For each patient, an in-
house tumor block of a pre-treatment biopsy (in case of neo-adjuvant treatment) 
or resection was collected. We observed slight differences in tumor size and nodal 
stage between the groups, with the highest proportion of small tumors within 
the ER100% group and the highest proportion of lymph node-negative tumors in 
the group with ER1-9% (Table 1). Four patients had a germline BRCA1 mutation 
within the ER0% group and three patients had a germline BRCA2 mutation 
within the ER100% group. As expected, ER expression highly correlated with PR 
expression and negatively correlated with tumor grade and Ki67 levels (Table 1, 
Supplementary Figure 2A-C). In the groups with low-positive and intermediate-
positive ER expression we observed a lower proportion of grade 3 tumors and 
lower Ki-67 expression levels as compared to ER-negative tumors, but a higher 
proportion of grade 3 tumors as compared to the groups with high ER expression 
(>50%; Supplementary Figure 2B-C). 

sTILs, CD8+ T cells and PD-L1 expression of tumors with low-positive and 
intermediate-positive ER expression
First, we assessed immune cell composition by investigating sTILs, stromal CD8+ 
T-cells and PD-L1 expression (assay 22C3, combined positive score). We observed 
highest levels of sTILs and continuous PD-L1 expression in the ER0% and ER10-
50% groups, followed by the ER1-9% group (Figure 1A-B). Median CD8+ T-cell 
levels were equal in the groups with ER0%, ER1-9% and ER10-50%, and higher as 
compared to the groups with ER51-99% and ER100% (Figure 1C). Next, we assessed 
the proportion of PD-L1 positive tumors in the different groups using a cut-off of 
≥1% and ≥10%. We observed that 86%, 82% and 77% of patients with ER0%, ER1-9% 
and ER10-50%, respectively, had PD-L1 positive tumors using a 1% cut-off, whereas 
this was only 68% and 52% for the groups with ER51-99% and ER100% (Figure 1D). 
The same patterns were observed using the higher PD-L1 cut-off of 10%, with 
approximately 40-50% of tumors within the ER0%, ER1-9% and ER10-50% groups and 
only 11% and 10% with ER51-99% and ER100%, respectively, being PD-L1 positive 
(Figure 1D). Investigating sTILs, CD8+ T-cell levels and PD-L1 expression in relation 
to age and menopausal status, we observed slightly higher sTIL levels in younger 
patients (Supplementary Figure 3A-F). Higher PD-L1 expression and only slightly 
higher sTILs and CD8+ T-cell levels were seen in grade 3 tumors or tumors with high 
Ki-67 expression (Supplementary Figure 3G-L), suggesting that these features are 
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mainly associated with ER expression and may play a less dominant role in immune 
cell composition. Altogether, these data demonstrate that breast tumors with low-
positive (1-9%) and intermediate-positive (10-50%) ER expression are comparable 
to ER-negative tumors in terms of sTILs, CD8+ T cells and PD-L1 expression.

Table 1. Patient characteristics. Difference between groups was tested by Fisher’s exact test with excluded missing 
values. The median difference between age was tested by Kruskal-Wallis. Not applicable (NA), germline BRCA (gBRCA)

N = 173
No. of patients (%) 

ER 0% 
(n=46)

ER 1-9% 
(n=17)

ER 10-50% 
(n=22)

ER 51-99% 
(n=37)

ER 100% 
(n=51)

P-value

Age Median 
(range)

55 (26-79) 64 (35-89) 56 (38-84) 54 (28-82) 59 (31-80) 0.26

≤50
>50

21 (46)
25 (54)

7 (41)
10 (59)

8 (36)
14 (64)

18 (49)
19 (51)

19 (37)
32 (63)

0.80

≤60
>60

29 (63)
17 (37)

7 (41)
10 (59)

12 (55)
10 (45)

27 (73)
10 (27)

29 (57)
22 (43)

0.22

Menopausal status Pre/peri
Post
Unknown/NA

18 (39)
27 (59)
1 (2)

5 (29)
10 (59)
2 (12)

6 (27)
11 (50)
5 (23)

17 (46)
15 (41)
5 (14)

17 (33)
29 (57)
5 (10)

0.60

Tumor stage T1
T2
T3

17 (37)
24 (52)
5 (11)

11 (65)
6 (35)
0 (0)

15 (68)
5 (23)
2 (9)

20 (54)
15 (41)
2 (5)

38 (75)
12 (24)
1 (2)

0.01

Nodal stage N0
N1
N2-N3

36 (78)
7 (15)
3 (6)

15 (88)
2 (12)
0 (0)

15 (68)
3 (14)
4 (18)

22 (59)
13 (35)
2 (5)

39 (76)
11 (22)
1 (2)

0.09

gBRCA mutation BRCA1
BRCA2
No mutation
Unknown

4 (9)
0 (0)

29 (63)
13 (28)

0 (0)
0 (0)

10 (59)
7 (41)

1 (5)
0 (0)

10 (45)
11 (50)

0 (0)
0 (0)

14 (38)
23 (62)

0 (0)
3 (6)

13 (25)
35 (69)

0.07

PR expression PR 0%
PR1-9%
PR ≥ 10%

39 (85)
7 (15)
0 (0)

10 (59)
7 (41)
0 (0)

7 (32)
4 (18)
11 (50)

6 (16)
3 (8)

28 (76)

9 (18)
5 (10)
37 (73)

<0.0001

Tumor grade Grade 1
Grade 2
Grade 3
Unknown

0 (0)
2 (4)

44 (96)
0 (0)

2 (12)
4 (24)
9 (53)
2 (9)

2 (9)
11 (50)
7 (32)
2 (9)

9 (24)
22 (59)
6 (16)
0 (0)

13 (25)
31 (61)
7 (14)
0 (0)

<0.0001

Ki-67 expression Ki-67 <20%
Ki-67 ≥ 20%

4 (9)
42 (91)

7 (41)
10 (59)

11 (50)
11 (50)

27 (73)
10 (27)

37 (73)
14 (27)

<0.0001

Intrinsic molecular subtypes of tumors with low-positive or intermediate-positive 
ER expression 
As a basal-like molecular subtype has been described as possibly predictive of ICB 
response8,37, we assessed PAM50 subtypes (NanoString)38,39. We observed basal-like 
tumors in the groups with ER expression of 0% (91% of total), 1-9% (54% of total) 
and 10-50% (12% of total), but not in the groups with higher ER expression (Figure 
1E). In the low-positive and intermediate-positive ER groups, 31% and 59% of 
tumors, respectively, were classified as luminal A or B, as compared to 97% in the 
ER-high and 100% in the ER-ultrahigh groups, underlining the heterogeneous nature 
of the groups with ER expression between 1-50% (Figure 1E). Next, we assessed the 
TNBC subtypes by Burstein et al.40 in the ER0%, ER1-9% and ER10-50% groups, as a 
basal-like immune-activated (BLIA) phenotype has been associated with response 
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to ICB as well37. In our dataset, tumors with a BLIA phenotype were restricted to 
ER expression of 50% or lower. Interestingly, 15% and 12% of tumors with ER1-9% 
and ER10-50% expression, respectively, were classified as BLIA, as compared to 
42% of tumors with ER0% (Figure 1F). PD-L1 expression was highest in the BLIA 
tumors (Supplementary Figure 3M). These findings demonstrate that within the 
breast cancer groups with low-positive or intermediate-positive ER expression, a 
subset of tumors is inflamed and exhibits molecular features of TNBC. 
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Figure 1: Immune cell composition in relation to estrogen receptor (ER) expression levels.
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Figure 1: (opposite) Immune cell composition in relation to estrogen receptor (ER) expression levels. (a) Levels of 
stromal tumor infiltrating lymphocytes (sTILs) in relation to ER expression. Median with interquartile range, statistics 
by Kruskal-Wallis with post-hoc Dunn’s test. Only statistically significant comparisons are shown. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. (b) PD-L1 expression (clone 22C3), assessed as combined positive score (CPS) in relation to 
ER expression. Statistics as in (a). PD-L1 staining was unavailable for 5 patients. (c) Levels of stromal CD8+ T cells 
(percentage of CD8+ T cells of the stromal area) in relation to ER expression. Statistics as in (a). CD8 staining was 
unavailable for 3 patients. (d) Proportion of patients with PD-L1 positive tumors (CPS) using different cut-offs (0%, 
1-9%, ≥10%) in relation to ER expression. Numbers display percentage per group, statistics by Fisher’s exact test. (e) 
Proportion of patients with luminal A, luminal B, basal-like and HER2 enriched tumors in relation to ER expression. 
Molecular subtypes were assessed according to PAM50 with the NanoString nCounter Breast Cancer 360 panel. 
Statistics as in (d). (f) Proportion of patients with basal-like immune activated (BLIA), basal-like immune-suppressed 
(BLIS), mesenchymal or luminal androgen receptor (LAR) tumors in relation to ER expression. TNBC subtypes were 
assessed with the NanoString nCounter Breast Cancer 360 panel. Statistics as in (d).

Higher expression of immune-related genes in ER-negative, low-positive, and 
intermediate-positive tumors, as compared to ER high-positive tumors
To gain more insight in the immune biology of tumors with low-positive or 
intermediate-positive ER expression, we next analyzed expression of immune 
signatures using the NanoString nCounter® Breast Cancer 360™ panel. Within 
each ER subgroup there was a wide range of expression of all immune signatures, 
but in general immune signatures were most highly expressed in ER0%, ER1-9% 
and ER10-50% (Figure 2A). Zooming in on the signatures that were significantly 
different between groups, we observed highest median levels of the CD8+ T cell 
signature, PD1 mRNA expression and regulatory T-cell (Treg) signature in the group 
with ER10-50%. These levels were not significantly different from the groups with 
ER1-9% and ER0%, but significantly higher as compared to the ER51-99% and/or 
ER100% groups (Figure 2B-D). Median expression levels of signatures reflecting 
antigen presenting machinery (APM), IFN-g signature, inflammatory chemokines 
and tumor-inflammation score (TIS) were all highest in breast tumors with no ER 
expression, not significantly different from the groups with low- or intermediate-
positive ER expression and statistically significantly higher when comparing to the 
ER51-99% or ER100% groups (Figure 2E-H). Mast cells were the only immune cells 
that were more abundantly present in the TME of ER-positive tumors, increasing 
with ER expression (Figure 2A,I). Using pre-treatment gene expression data from 
an independent validation cohort of stage I-III breast cancer patients treated 
with neo-adjuvant chemotherapy41, we also observed higher levels of the CD8+ 
T-cell signature and IFN-g signature in breast tumors with 0%, 1-9% and 10-50% ER 
expression, as compared to tumors with ER expression >50% (Supplementary Figure 
4A-D). Additionally, also in this cohort we observed higher expression of mast-cell 
related genes in ER-positive tumors, as compared to ER-negative or ER low-positive 
tumors (Supplementary Figure 4E-F). 
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Figure 2: Expression of immune signatures in relation to estrogen receptor (ER) expression levels. (a) Heatmap 
of expression of immune signatures (z-scores), grouped by ER expression and sorted by tumor-infl ammation signature 
(TIS)64 per group. (b) CD8+ T-cell signature expression in relation to ER expression. Genes included: CD8A, CD8B. (c) 
PD1 expression in relation to ER. (d) Regulatory T-cell (Treg) signature in relation to ER expression. Genes included: 
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FOXP3. (e) Antigen presenting machinery (APM) signature expression in relation to ER. Genes included: TAP1, TAP2, 
TAPBP, HLA-A, HLA-B, HLA-C. (f) Interferon (IFN)-g signature expression in relation to ER expression. Genes included: 
CXCL9, CXCL10, STAT1. (g) Inflammatory chemokine signature expression in relation to ER expression. Genes included: 
CCL2, CCL3L1, CCL4, CCL7, CCL8. (h) TIS in relation to ER expression. Genes included: CCL5, CD27, CD274, CD276, 
CD8A, CMKRL1, CXCL9, CXCR6, HLA-DQA1, HLA-DRB1, HLA-E, IDO1, LAG3, NKG7, PDCD1LG2, PSMB10, STAT1, TIGIT. 
(i) Mast cell signature expression in relation to ER expression. Genes included: MS4A2, CPA3, HDC, TPSAB1. (b)-(i) 
Median with interquartile range, statistics by Kruskal-Wallis with post-hoc Dunn’s test. Only statistically significant 
comparisons are shown. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

To assess transcriptomic differences including non-immune-related processes in 
relation to ER expression, we analyzed all 42 signatures of the NanoString panel 
and started with unbiased clustering of the tumors. Using a principal component 
analysis, we observed that tumors with 0% ER expression tended to cluster 
away from breast tumors with >50% ER expression, but tumors with ER1-9% and 
ER10-50% seemed to mix between the tumors with 0% and >50% ER expression 
(Supplementary Figure 5A). With unsupervised clustering, two clusters were 
dominated by ER0% tumors and also included ER1-9% and ER10-50% tumors, which 
were characterized by either high expression of immune signatures or by genomic 
instability (Supplementary Figure 5B). Comparing expression of each signature 
between the groups with ER0% and ER1-9%, we saw significantly lower expression 
of signatures characterizing genomic instability and p53 biology and, as expected, 
higher expression of ER-related signaling in the group with ER1-9% expression, 
but no significant differences in immune signatures (Figure 3A). Investigating 
differential expression between tumors with ER10-50% and ER1-9%, we observed 
higher expression of ER signaling in the ER10-50% group, but again no significant 
differences in immune signatures (Figure 3B). Comparing ER51-99% tumors with 
the group of ER10-50%, we observed higher expression of immune pathways in the 
tumors with ER expression between 10-50% and lower expression of ER signaling 
and mast cells (Figure 3C). Between the groups with ER51-99% and ER100%, mainly 
a difference in ESR1 expression was seen (Figure 3D). To increase statistical power, 
we pooled the ER low-positive and intermediate-positive groups (ER1-50%) and 
confirmed our findings (Supplementary Figure 6A-B). In summary, we observed 
that the expression of immune signatures was significantly higher in tumors with 
negative and low-positive or intermediate-positive ER expression as compared to 
tumors with high-positive ER expression, in line with our data on sTILs, CD8+ T cells 
and PD-L1 expression. Comparing to ER-negative tumors, we observed that ER low-
positive and intermediate-positive breast tumors differ in ER signaling and genomic 
instability, but not in expression in immune pathways. 
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Figure 3: Differential gene expression of NanoString Breast Cancer 360™ signatures. (a) Difference in gene 
expression of signatures between the group with 0% ER expression and 1-9% ER expression. (b) Difference in gene 
expression of signatures between the group with 1-9% ER expression and 10-50% ER expression. (c) Difference in gene 
expression of signatures between the group with 10-50% ER expression and 51-99% ER expression. (d) Difference in 
gene expression of signatures between the group with 51-99% ER expression and 100% ER expression. (a)-(d). On the 
x-axis the difference in group means is displayed, on the y-axis the unadjusted p-value per variable by student t-tests. 
The vertical line indicates no change, the horizontal line indicates a p-value of 0.05.

Discussion

Breast cancer is a heterogeneous disease with ER expression being one of the most 
widely used biomarkers. The current cut-off of ≥1% for positive ER expression is 
based on early studies in which no benefit was seen with endocrine treatment 
in patients with no ER expression. Consequently, most translational studies and 
clinical trials focus on differences between TNBC and ER-positive breast cancer, 
with no further distinction in ER-positive breast cancer. In this study, we explore 
the immune landscape of early-stage breast tumors with different levels of ER 
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expression. We are, to our knowledge, the first to demonstrate that early-stage 
breast tumors with low-positive (1-9%) and intermediate-positive (10-50%) ER 
expression have more similarities in immune biology to TNBC than to their highly ER-
positive counterparts, based on sTILs, CD8+ T-cell presence, PD-L1 expression and 
expression of immune pathways. Our data highlight that clinical trials investigating 
ICB in ER-positive breast cancer should consider efficacy analysis in subgroups of 
patients with low-positive or intermediate-positive breast cancer. 

Two phase II trials have reported results of neo-adjuvant ICB plus chemotherapy 
in high-risk ER-positive breast cancer. In the I-SPY2 trial, two arms with ICB-
combinations graduated: pembrolizumab plus chemotherapy (taxane, followed by 
AC)31 and durvalumab/olaparib plus chemotherapy32. In both arms, it was shown 
that pCR rates were higher in the experimental arms as compared to the control 
arms in the high-risk (based on MammaPrint) ER-positive subgroup. Importantly, 
in an exploratory analysis, patients with an ultrahigh MammaPrint signature 
derived most benefit from the addition of durvalumab/olaparib to chemotherapy, 
which correlated with low ESR1 and PGR expression and high proliferation32. 
Additionally, low ESR1 and PGR expression was associated with higher pCR rates 
in the pembrolizumab arm42. In the single-arm GIADA-trial, a pCR rate of 15% was 
observed after neo-adjuvant chemotherapy (AC) plus nivolumab and exemestane 
in high-risk ER+ (≥10%) breast cancer, defined by high Ki-67 expression and/or 
tumor grade 38. In this trial, a basal-like subtype highly correlated with response8. 
Additionally, in metastatic ER-positive breast cancer, estrogen signaling was 
negatively associated with response to pembrolizumab and eribulin43. Results 
of these trials indicate that ICB responses are not limited to TNBC and that 
exploratory subgroup analysis of response in clinical trials investigating ICB in ER-
positive breast cancer are of great importance to confirm the association between 
low and intermediate ER expression levels and ICB response. 

While sTILs and CD8+ T cells are positively associated with outcome in early-
stage TNBC20,21,23-26, this association is not clear in ER-positive breast cancer20,27,28, 
suggesting that T-cell functioning is hampered in ER-positive tumors. Several 
immune cells, particularly myeloid cells, express ER44. Estrogen signaling has been 
shown to increase mobilization and immune-suppressive functions of myeloid-
derived suppressor cells (MDSCs) in vivo which drives disease progression45. 
Moreover, a recent study demonstrated that estrogen signaling in a murine 
melanoma model promoted the accumulation of immune-suppressive macrophages 
in the TME, reduced cytotoxicity of CD8+ T cells and promoted tumor growth46. In 
breast cancer, high levels of tumor-associated macrophages (TAMs) and mast cells 
with pleiotropic functions have been described47,48. Interestingly in this model, 
this detrimental effect could be reverted by treatment with fulvestrant and ICB46. 
In turn, immune signaling, via interferons and STAT1, has been implicated in 
increased transcription of ER in tumor cells49, indicating a positive feedback loop 
between estrogen and interferon signaling and highlighting the complex crosstalk 
between immune cells in the TME and ER signaling. In breast cancer, high levels 
of tumor-associated macrophages (TAMs) and mast cells with pleiotropic functions 
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have been described47,48. Mast cells are more abundant in the TME of luminal breast 
cancers, as compared to basal-like tumors50 and have been correlated to residual 
disease after neo-adjuvant chemotherapy51 and a non-pCR in the pembrolizumab 
and durvalumab/olaparib arm in the ER-positive subgroup of the I-SPY2 trial32,42. 
In our study we observed high levels of mast cell-related gene expression in ER-
high tumors as compared to TNBC or ER low/intermediate tumors. Altogether, we 
hypothesize that the level of ER signaling shapes the TME of ER-positive breast 
cancer potentially promoting an immune-suppressive state. 

Subgroup analysis in ongoing phase III trials testing neo-adjuvant ICB-chemotherapy 
in high-risk ER-positive breast cancer (NCT03725059, NCT04109066) and future 
trials are needed to validate whether patients with low-positive or intermediate-
positive ER expression derive more benefit from ICB than patients with high 
expression of ER. Since responses to endocrine treatment have been observed in 
some patients with low-positive ER tumors52 and CDK4/6 inhibitors have clinical 
activity in patients with intermediate-positive ER tumors (<50%) albeit to a lesser 
extent than patients with ER-high tumors53, it remains to be determined what the 
optimal (combination) treatment regimen is. Ideally, a basket trial specifically 
for patients with low- and/or intermediate-positive breast cancer could provide 
answers on this question, testing neo-adjuvant ICB-combinations such as anti-PD1 
plus endocrine treatment, ICB with other immuno-oncology agents such as anti-
CTLA4 plus anti-PD154. In our cohort, we did not observe higher levels of sTILs, 
CD8+ T cells or PD-L1 expression in grade 3 or highly proliferative (Ki-67 expression 
≥ 20%) tumors with ER expression >50% (data not shown), suggesting that patients 
most likely to respond to CDK4/6 inibitors53,55 don’t have particularly immunogenic 
tumors. This is important in light of the substantial toxicity that has been observed 
with anti-PD1 plus CDK4/6 inhibitors56. Recently, Wolf and collagues proposed 
a novel model on the redefinition of early-stage breast cancer subtypes based 
on the pathological response to targeted agents or ICB. Within the ER-positive 
HER2-negative immune-enriched subtype, an estimated pCR rate to neo-adjuvant 
pembrolizumab plus chemotherapy of 69% was seen57. Based on our data, we 
hypothesize that this immune-enriched subtype might mostly be comprised of 
breast tumors with low-positive or intermediate-positive ER expression.

Our study is limited by its small sample size of the ER low-positive and intermediate-
positive groups, although this is inherent to the relatively low incidence of these 
breast cancers in a single centre and the lack of reporting of continuous ER 
expression in most cancer registries and pathology laboratories. Furthermore, it 
has been proposed that low-positive ER tumors are an artefact of a low intensity 
staining58. However, in our study all ER stainings were done in concordance with 
Dutch guidelines for breast cancer diagnostics9 in one expert centre laboratory, 
including both internal controls and control tissues to ensure accurate receptor 
staining and were scored by dedicated breast pathologists. Third, we collected 
tumor blocks of the ER-negative and the two high-positive groups in a short 
consecutive series to roughly match the group size of the pooled ER low-positive and 
intermediate-positive group. This series was not matched in terms of TNM stage, 
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resulting in slightly unbalanced T-stage and N-stage between groups. Since sTILs, 
CD8+ T cells and PD-L1 levels did not differ between T-stages and N-stages (data 
not shown), we believe that the effect of this disbalance is probably limited. Our 
study focused on early-stage breast tumors, and therefore our conclusions cannot 
directly be applied to the metastatic setting. Since our series is not representative 
of the breast cancer population due to our enrichment of breast tumors with ER 
expression between 1-99%, it should be noted that our series is not suitable for 
epidemiological studies or real-world interpretation but instead our results should 
be considered as hypothesis-generating. 

In this study, we demonstrate that early-stage breast tumors with low-positive 
(1-9%) and intermediate-positive (10-50%) ER expression have immunological 
properties with more similarities to ER-negative tumors than to ER-high tumors. 
Since ICB is currently only approved for TNBC, these findings highlight that the 
identification based on ER-negativity of breast tumors that might benefit from ICB 
needs revisiting. Our study encourages adequately powered subgroup analysis of 
patients with low-positive and intermediate ER expression in clinical trials for ICB 
in ER-positive breast cancer and highlights that the traditional selection based of 
breast cancer patients on ER expression might not be optimal for ICB treatment.

Methods

Study population and tissue collection
All patients presenting with primary breast cancer with ER expression on tumor 
cells between 1-50% in the Netherlands Cancer Institute between January 2011 
and September 2019 were identified via the local Tumor Registry. All patients 
were considered to be included if they had early-stage disease, HER2-negative 
breast cancer and availability of tumor blocks within our institute. To ensure 
accurate continuous ER scoring and HER2 assessment, we only collected tumor 
blocks after 2011. Available archival formalin-fixed paraffin-embedded (FFPE) 
tumor blocks within the Netherlands Cancer Institute with known ER expression 
were collected in the study. Using the same inclusion criteria, we collected a 
longitudinal series of tumor blocks with ER expression of 0%, 51-99% and 100%. 
Given that these groups are more prevalent and to roughly match the sample 
size of the group with ER expression between 1-50%, a random shorter period 
within the diagnosis years of 2011-2019 was used to collect the tumor blocks for 
the groups with ER expression of 0%, 51-99% and 100% (Supplementary Figure 1). 
When available, resection material was collected and, in case of neo-adjuvant 
endocrine treatment or chemotherapy, biopsies were collected. All patients with 
metastatic disease, or tumor blocks of local recurrences and non-invasive breast 
tumors were excluded. Clinical data was extracted from the local Tumor Registry 
from the selected patients and additional clinical data was collected directly 
from the patient records. Pathological characteristics, such as ER expression, PR 
expression, HER2 status, Ki-67 expression, and tumor grade, were obtained from 
the pathology reports. All histological assessments were performed in a single 
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pathology laboratory of the Netherlands Cancer Institute in concordance with 
Dutch guidelines for breast cancer diagnostics9 including the required controls to 
ensure accurate receptor staining. Scoring was performed by dedicated breast 
cancer pathologists. The study was approved by the Institutional Review Board of 
the Netherlands Cancer Institute (IRBdm20-044). 

H&E and immunohistochemistry stainings
New hematoxylin and eosin (H&E) stainings were obtained from FFPE tumor blocks 
and tumor blocks with a tumor-cell percentage below 20% were disregarded. 
Immunohistochemistry of the FFPE tumor samples was performed on a BenchMark 
Ultra autostainer (Ventana Medical Systems). Briefly, paraffin sections were cut at 
3 mm, heated at 75°C for 28 minutes and deparaffinized in the instrument with 
EZ prep solution (Ventana Medical Systems). Heat-induced antigen retrieval was 
carried out using Cell Conditioning 1 (CC1, Ventana Medical Systems) for 32 minutes 
at 95°C (CD8) or 64 minutes at 95°C (PD-L1). CD8 was detected using clone C8/144B 
(1/200 dilution, 32 minutes at 37°C, Agilent/DAKO) and PD-L1 using clone 22C3 
(1/40 dilution, 1 hour at room temperature, Agilent/DAKO). Bound antibody was 
detected using the OptiView DAB Detection Kit and slides were counterstained with 
Hematoxylin and Bluing Reagent (Ventana Medical Systems). Slides were scanned 
with a PANNORAMIC® 1000 scanner (3DHISTECH; 40x magnification) and uploaded 
on SlideScore for digital assessment (www.slidescore.com). On the H&E, sTILs were 
assessed by an experienced pathologist (J.S.) according to established guidelines 
for sTIL scoring in breast cancer59. CD8+ T cells were scored as percentage of 
positive cells within the tumor-associated stromal area by the same pathologist. 
sTILs and CD8 scores were revised by an independent second pathologist (H.M.H.). 
PD-L1 expression was assessed by a dedicated breast pathologist (H.M.H.) as the 
combined positive score (CPS), which was defined as the number of PD-L1 positive 
cells (tumor cells and immune cells) divided by the total number of tumor cells 
multiplied by 100, as described before60.

NanoString gene expression analysis
The tumor and tumor-associated stromal area was annotated on a H&E slide for 
subsequent RNA isolation. In case of an area of at least 8 mm2 and a TCP of 20%, 
RNA was isolated in 5-15 10mm sections of FFPE tumor blocks (depending on area 
size). DNA and RNA was isolated simultaneously with the AllPrep DNA/RNA FFPE kit 
(Qiagen, #80234) using the QIAcube, according to the manufacturer’s instructions. 
The RNA concentration was measured by NanoDrop. 200 ng of RNA (or max. 12 
ml in case of low concentrations) was used as input on a NanoString nCounter® 
platform and gene expression was assessed by the NanoString nCounter® Breast 
Cancer 360™ panel61. Kits and probes were obtained from NanoString and samples 
were processed by the manufacturer’s instructions. The Breast Cancer 360™ panel 
contains 758 genes of interest with 18 additional genes for internal reference. 
Only samples passing the quality control of housekeeping gene expression were 
included in the subsequent analysis. Genes not included in the tumor-inflammation 
signature (TIS) and PAM50 classification were normalized using a ratio of the 
expression value to the geometric mean of all housekeeping genes on the panel. 
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Genes included in TIS and PAM50 are normalized using a ratio of the expression 
value to the geometric mean of the housekeeper genes used only for TIS or PAM50, 
respectively62,63. Genes not in the PAM50 signature were additionally normalized 
using a ratio of the housekeeper-normalized data and a panel standard run on 
the same cartridge or a panel standard run on the same codeset. Finally, the data 
was log2 transformed. 48 signatures capturing breast cancer biology as defined 
by NanoString were calculated, including TIS and molecular subtyping. Signature 
scores were adjusted with constants to express values in a similar range and making 
scores comparable across assays. The Risk of Recurrence score was log2 transformed 
to obtain values within the range of the other signatures for differential expression 
analysis. PAM50 subtype calling was performed as described previously39,63. TNBC 
subtypes40 were identified using a calculated weighted average of the luminal A 
and luminal B PAM50 subtype correlation and AR gene expression and the signature 
scores for Mammary Stemness and TIS. TNBC subtypes were called based on a set 
of decision rules on the aforementioned scores by NanoString. 

Gene expression analysis independent validation cohort
Gene expression data and clinical characteristics of the validation cohort were 
obtained directly from the primary investigators41. Briefly, microarray experiments 
(GEO accession number GSE34138) or RNA-sequencing (GEO accession number 
GSE192341) were performed on pre-treatment biopsies from patients with stage 
I-III HER2-negative breast cancer in the Netherlands Cancer Institute, treated 
with neo-adjuvant chemotherapy. Data from these experiments were pooled and 
normalized as previously described41. There was no overlap between samples of 
this independent validation cohort and the main cohort studied in this manuscript.

Statistical analysis
Categorical variables were described as proportion of patients within each ER 
expression group (i.e. ER 0%, 1-9%, 10-50%, 51-99%, 100%) and differences were 
assessed by Fisher’s exact test. Differences between groups for continuous variables 
were assessed by non-parametric statistical tests: Mann-Whitney-U for differences 
between two groups and Kruskal-Wallis test for differences between three or more 
groups. Post-hoc analyses of the Kruskal-Wallis test were performed with a Dunn’s 
test. Differential expression analysis of signatures was performed with Qlucore 
Omics Explorer where the difference in group means between groups (ER 0%, 1-9%, 
10-50%, 51-99%, 100%) was tested with t-tests for each variable. Statistical analysis 
was performed by SPSS statistics (IBM, version 28.0.1.0), GraphPad Prism (version 
9.0.1) and Qlucore Omics Explorer (version 3.8). P-values are unadjusted unless 
otherwise reported, all statistical tests were two-sided and a p-value of less than 
0.05 was considered statistically significant.
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Data availability

All data used for this study are included in Supplementary Table 1 (available with 
the online version of this article). Data from the validation cohort are available via 
GEO accession numbers GSE34138 (microarray) and GSE192341 (RNA-sequencing).
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Supplementary Figure 2: Intrinsic features of breast tumors with different levels of ER expression. (a) PR expression 
in relation to ER expression. Statistics by Kruskal-Wallis with post-hoc Dunn’s test. (b) Proportion of patients per tumor 
grade according to Bloom-Richardson in relation to ER expression. Numbers display percentage per group, statistics 
by Fisher’s exact test. (c) Ki-67 expression in relation to ER expression. Statistics as in (a). (a),(c) Median with 
interquartile range. Only statistically significant comparisons are shown. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Supplementary Figure 3: (see next page) Immune cell composition and PD-L1 expression per age, menopausal 
status, tumor grade and Ki-67 expression levels. (a) Levels of stromal tumor infiltrating lymphocytes (sTILs) according 
to age ≤ 50 or age > 50. (b) Levels of stromal CD8+ T cells (percentage of CD8+ T cells of the stromal area) according 
to age ≤ 50 or age > 50. (c) PD-L1 expression, assessed as the combined positive score (CPS), according to age ≤ 50 
or age > 50. (d) Levels of stromal tumor infiltrating lymphocytes (sTILs) in relation to pre- or perimenopausal status 
vs. postmenopausal. (e) Levels of stromal CD8+ T cells (percentage of CD8+ T cells of the stromal area) in relation to 
pre- or perimenopausal status vs. postmenopausal. (f) PD-L1 expression (CPS) in relation to pre- or perimenopausal 
status vs. postmenopausal. (g) Levels of stromal tumor infiltrating lymphocytes (sTILs) per tumor grade according to 
Bloom-Richardson. (h) Levels of stromal CD8+ T cells (percentage of CD8+ T cells of the stromal area) per tumor grade 
according to Bloom-Richardson. (i) PD-L1 expression (CPS) per tumor grade according to Bloom-Richardson. (j) Levels 
of sTILs in tumors with low Ki-67 expression (<20%) and high Ki-67 expression (≥ 20%). (k) Levels of stromal CD8+ T cells 
in tumors with low Ki-67 expression (<20%) and high Ki-67 expression (≥ 20%). (l) PD-L1 expression (CPS) in tumors with 
low Ki-67 expression (<20%) and high Ki-67 expression (≥ 20%). (m) PD-L1 expression (CPS) according to TNBC subtype: 
basal-like immune activated (BLIA), basal-like immune-suppressed (BLIS), mesenchymal or luminal androgen receptor 
(LAR) tumors in relation to ER expression. TNBC subtypes were assessed with the NanoString nCounter Breast Cancer 
360 panel. For (g)-(i), (m) statistics by Kruskal-Wallis with post-hoc Dunn’s test; for (a)-(f) and (j)-(l)  statistics by 
Mann-Whitney. Only statistically significant comparisons are shown. ns (non-significant): p>0.05, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.
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Supplementary Figure 3: Immune cell composition and PD-L1 expression per age, menopausal status, tumor grade 
and Ki-67 expression levels.
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Supplementary Figure 4: Expression of immune signatures in relation to estrogen receptor (ER) expression levels 
in an independent validation cohort. (a) CD8+ T-cell signature expression in relation to ER expression with separate 
groups of tumors with ER 1-9% and ER10-50%. Average expression of CD8A, CD8B. (b) CD8+ T-cell signature expression 
in relation to ER expression with a pooled group of ER1-50%. Average expression of CD8A, CD8B. (c) Interferon (IFN)-g 
signature expression in relation to ER expression with separate groups of tumors with ER 1-9% and ER10-50%. Average 
expression of CXCL9, CXCL10, STAT1. (d) Interferon (IFN)-g signature expression in relation to ER expression with 
separate groups of tumors with a pooled group of ER1-50%. Average expression of CXCL9, CXCL10, STAT1. (e) Mast 
cell signature expression in relation to ER expression with ER 1-9% and ER10-50%. Average expression of MS4A2, CPA3, 
HDC, TPSAB1. (f) Mast cell signature expression in relation to ER expression with a pooled group of ER1-50%. Average 
expression of MS4A2, CPA3, HDC, TPSAB1. (a)-(f)  Median with interquartile range, statistics by Kruskal-Wallis with 
post-hoc Dunn’s test. Only statistically significant comparisons are shown. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Supplementary Figure 5: Unbiased analysis of NanoString Breast Cancer 360™ signatures. (a) Principal component 
analysis (PCA) of the NanoString nCounter Breast Cancer 360 panel signatures in all included tumors (n = 136). 
Three principal components (PC) are depicted with PC1 explaining 33% of the variance, PC2 explaining 23% of the 
variance and PC3 explaining 9% of the variance. Tumors are annotated by ER expression level as indicated by the 
legend. (b) Heatmap of normalized gene signatures across all tumors with hierarchical clustering of scaled gene 
signatures and samples. Samples are annotated with ER expression level, PAM50 molecular subtype and TNBC subtype.
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Supplementary Figure 6: Differential expression of NanoString Breast Cancer 360™ signatures in pooled ER low-
positive and intermediate-positive tumors. (a) Difference in gene expression of signatures between the group with 
0% ER expression and the pooled group with 1-50% ER expression. (b) Difference in gene expression of signatures 
between the pooled group with 1-50% ER expression and 51-99% ER expression. (a)-(b) On the x-axis the difference 
in group means is displayed, on the y-axis the unadjusted p-value per variable by student t-tests. The vertical line 
indicates no change, the horizontal line indicates a p-value of 0.05.
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Triple-negative breast cancer (TNBC): not so negative anymore

In 2017, at the start of my PhD research, no targeted treatment options were defined 
for patients with metastatic TNBC. Patients had a median overall survival of 12-18 
months once metastasized and were all treated with palliative chemotherapy1,2. 
At the time of writing this discussion, several new treatment options for patients 
with metastatic TNBC were available or upcoming: PARP inhibition for patients 
with germline BRCA1/2 mutations3; antibody-drug conjugates (ADCs) sacituzimab 
govitecan (SG)4 and trastuzumab deruxtecan (T-Dxd)5; and PD-(L)1 blockade plus 
chemotherapy6. In 2018, the phase III IMpassion130 trial demonstrated improved 
survival in patients with PD-L1 positive metastatic TNBC with atezolizumab (PD-L1 
blockade) plus nab-paclitaxel7. IMpassion131 evaluated the efficacy of atezolizumab 
plus paclitaxel, powered to detect differences in the PD-L1 positive subgroup8; this 
trial did not demonstrate a benefit of atezolizumab addition over placebo. As we 
proposed in chapter 2, this discrepancy could have several reasons, such as chance 
and subtle differences in patients’ characteristics. Comparison of blood samples 
from both trials demonstrated reduced proliferation of effector B cells, NK cells and 
T cells in patients treated with steroid premedication in IMpassion1319, suggesting 
potential interference with PD-(L)1 blockade responses, but this needs to be 
confirmed. Pembrolizumab (PD-1 blockade) plus chemotherapy has been approved 
for first-line treatment of patients with PD-L1 positive, metastatic TNBC, based on 
the KEYNOTE-355 trial6. While this milestone for the treatment of TNBC sets the 
stage for immunotherapy in TNBC, much is unclear about the immunogenic effects 
of chemotherapy, in-depth characterization of responses to PD-(L)1 blockade and 
other subgroups potentially benefitting from PD-(L)1 blockade. 

Immunomodulatory strategies to improve PD-(L)1 blockade and 
dissection of responses to PD-(L)1 blockade in metastatic breast cancer

In chapter 3, we investigated the clinical and immunological effects of four short-
term immune induction treatments, two weeks of cyclophosphamide, doxorubicin, 
cisplatin or irradiation, or a two-week waiting period, followed by PD-1 blockade, 
in patients with metastatic TNBC in the TONIC-trial. We show that priming the 
tumor microenvironment (TME) by low-dose doxorubicin and cisplatin, followed by 
PD-1 blockade, induced clinically meaningful responses and increased expression 
of immune-related gene signatures and T-cell infiltration. 

In the TONIC trial, as described in chapter 3, radiation with 3x 8 Grey to a single 
metastatic lesion could not induce a more inflamed TME. Metastatic breast cancer 
generally has an immunosuppressive phenotype with limited T-cell infiltration and 
substantial heterogeneity between metastatic sites10. In another trial, a response 
rate of 18% was seen upon concurrent radiation and PD-1 blockade in metastatic 
TNBC, including radiological responses in non-irradiated lesions11. Still, it is unclear 
what the additional effect of radiation is on these responses. In chapter 3, we did 
not observe any radiological responses in non-irradiated lesions, suggesting that 
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sequential administration of radiation to a single lesion followed by PD-1 blockade 
might not be sufficient to elicit a systemic immune response directed at each 
tumor site in most TNBC patients.

Focusing on the three cohorts in the TONIC trial with chemotherapy, we observed 
that doxorubicin and cisplatin, followed by PD-1 blockade, were most promising in 
inducing the expression of immune-related genes and T-cell infiltration. In the neo-
adjuvant NeoTRIP trial12 with a chemotherapy backbone of platinum and taxanes, 
the pCR rate in the atezolizumab arm did not differ significantly from the control 
arm and supported by our data, this confirms a favorable role of anthracyclines 
in combination with PD-(L)1 blockade. While in chapter 3, we described platinum 
as one of the winners in terms of induction capacity, in chapter 5, we observed 
no apparent immunogenic effects of carboplatin. As cisplatin and carboplatin 
have comparable DNA-damaging capacity13,14, we don’t expect differences in the 
potency of these agents. However, patients with TNBC are generally more sensitive 
to platinum than patients with ER-positive disease15. This matches the findings 
described in chapter 5, in which most responses were observed in triple-negative 
(TN) lobular breast cancer (ILC). Validation of doxorubicin and platinum as priming 
strategies for improved responses to PD-(L)1 blockade in TNBC patients is required. 

When the trial results were published, the TONIC trial design was based on outdated 
statistical considerations. Current data on PD-(L)1 blockade monotherapy (chapter 
1) demonstrates an average response rate of 5-10% in a heavily pre-treated patient 
population16-18, instead of the hypothesized 30% of patients free-of-progression at 
12 weeks in TONIC. The cisplatin cohort in TONIC was one of the winners based 
on the translational findings and clinical responses (23% of patients reached an 
objective response), but this was insufficient to continue accrual in the second 
stage of Simon’s two-stage design. Instead, only the doxorubicin cohort was 
allowed to continue accrual. A new protocol for an adaptive trial was written with 
more realistic statistical criteria, TONIC-2 (NCT04159818). The expansion cohort of 
doxorubicin in TONIC-1 and the new cisplatin cohort in TONIC-2 were accompanied 
by a control cohort in which only PD-1 blockade was administered (Figure 1). In 
chapter 3, the most considerable immunomodulatory effects in the TME were 
observed after six weeks of PD-1 blockade, suggesting that PD-1 blockade could 
prime tumors for further immunotherapy-based treatments. To test this hypothesis, 
serial biopsies are taken in the PD-1 blockade monotherapy cohorts after one cycle 
and after three cycles of PD-1 blockade. This allows the study of early changes in 
the TME and to compare two weeks of PD-1 blockade versus two weeks of induction 
chemotherapy. 
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biopsy 1 + blood biopsy 2 + blood biopsy 3 + blood

Until disease 
progression,
toxicity, or 
for 1 year

cisplatin
2 x 40 mg/m2 IV

doxorubicin
2 x 15 mg IV

anti-PD-1

anti-PD-1

anti-PD-1

6 or 8 weeks
3 cycles of anti-PD-1

2 weeks

Figure 1: Flow chart design of TONIC expansion cohorts. In the expansion phase (stage II) of TONIC (NCT02499367), 
patients were randomized between two weeks of doxorubicin followed by PD-1 blockade vs PD-1 blockade monotherapy. 
In TONIC-2 (NCT04159818), patients were randomized between two weeks of cisplatin followed by PD-1 blockade vs 
PD-1 blockade monotherapy. Blood and biopsies of a metastatic lesion were taken at baseline, after two weeks (post-
induction treatment or after one cycle of anti-PD-1) and three cycles of anti-PD-1.

Adaptive clinical trials, such as the TONIC trial and the ongoing I-SPY2 trial, allow 
rapid prioritization of promising therapeutic strategies19. Although this concept 
should be exploited further, one disadvantage of the TONIC trial is the non-
comparative nature, meaning that formally we cannot claim superiority of one 
cohort over the other. In a commentary by Demaria et al.20, it was argued that 
baseline characteristics of the included patients could have influenced the trial’s 
outcome. While this can pose a problem, this is inevitable in small, randomized 
trials. As addressed in chapter 7, the number of patient categories instigated by 
stratification factors should not exceed a particular cut point to avoid imbalances 
in prognostic characteristics21,22 and stratification factors should be carefully 
chosen to avoid any risks involved in the use of such a factor, such as the delayed 
start of treatment. To tackle this, we implemented sTILs as a stratification factor 
in the doxorubicin expansion cohort and TONIC-2 trial (chapter 7). We focused 
the translational research in chapter 3 by studying serial biopsies from the same 
patient, thereby limiting the influence of interpatient heterogeneity on these 
results. 

Rational combinations for priming the TME of TNBC patients are needed to improve 
PD(L)1-blockade. Combining ICB with the potent ADCs SG and T-Dxd for rapid 
tumor control seems like a promising strategy. The first preliminary data on T-Dxd 
plus PD-L1 blockade in metastatic TNBC indeed demonstrated a high response rate 
(67%)23. Other rational combinations such as ICB plus anti-angiogenic agents24,25 or 
ICB plus PARP inhibition, particularly in patients with a germline BRCA mutation26,27, 
also showed promising activity. In patients with inflamed tumors, combinations of 
immuno-oncology (IO) agents, for example PD-L1 blockade plus inhibition of other 
checkpoints such as CTLA4 or LAG3, hold promise in other tumor types, such as 
melanoma28,29. Clinical results of trials investigating anti-LAG3 in breast cancer 
have yet to be reported30, but CTLA-4 blockade combined with PD-1 blockade 
seems effective in selected breast cancer groups, such as metaplastic breast 
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cancer31 and breast cancer with high mutational burden32. So far, most clinical 
trials focus on adding ICB to standard treatment instead of testing a biologically 
relevant rationale. The adaptive trial design of TONIC is ideal for the exploration of 
novel combinations. Since PD-(L)1 blockade will be administered standard in either 
the early-stage or metastatic setting, we can assume that the study landscape will 
focus on PD-(L)1 refractory patients. Herein, individual patient profiles should be 
considered, such as IO-IO combinations in patients with inflamed tumors, priming 
with ADCs or angiogenesis inhibitors followed by ICB for additional tumor control in 
patients with a high metastatic burden or PARP inhibition plus ICB in patients with 
germline BRCA mutations. 

In chapter 4, we have characterized the systemic immune responses of the patients 
with metastatic TNBC treated in the TONIC trial (both the patients described in 
chapter 3 and the doxorubicin cohort expansion phase of TONIC-1). We observed 
a consistent increase in eosinophils both in the blood and in the tumor after six 
weeks of PD-1 blockade across responders and not in non-responders. We used data 
from three other clinical cohorts to demonstrate that this increase seems tumor-
type independent. In vivo experiments in genetically engineered mouse models 
(GEMMs) for breast cancer showed that eosinophils were crucial for response to 
ICB and that the systemic eosinophil expansion upon ICB was induced by increased 
bone marrow production stimulated by IL-5 producing CD4+ T cells. Eosinophils 
migrated to tumors under the influence of IL-33 and were capable of activating 
CD8+ T cells required for an ICB response. In human samples, we demonstrated a 
clear correlation between intratumoral increases in eosinophils and CD8+ T-cell 
infiltration and IL-33 expression in responders, suggesting a similar mechanism 
in patients. Finally, we showed that administration of recombinant IL-33 plus ICB 
improved tumor control and survival in vivo compared to ICB alone. 

Our data provide a strong rationale for the engagement of eosinophils to improve 
ICB responses in relatively immunological cold tumors such as breast cancer. As IL-
33 is involved in the pathogenesis of many inflammatory diseases, such as asthma, 
atopic dermatitis and inflammatory bowel diseases, modulation of this axis might 
lead to serious side effects33. Since we show that IL-33 is essential to recruit 
eosinophils to the tumor site, it is tempting to speculate that local administration 
of IL-33 might be able to induce this effect and avoid the systemic side effects that 
might be inevitable upon systemic administration. 

Since myeloid cells are often overlooked when studying systemic or intratumoral 
immune responses in cancer34, partly due to their sensitivity to freezing, our study 
highlights the importance of studying the crosstalk between innate and adaptive 
immune responses. Our unique pipeline with analysis of fresh blood from trial 
patients is an excellent example of synergy between clinic and research laboratories 
and allowed in-depth evaluation of myeloid cells. The comparison of clinical and 
murine data in our study is hampered by differences in treatment regimens and 
the lack of heterogeneity between individual mice as compared to individual 
patients. However, the GEMMs used in this study are relatively close to the clinical 
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setting, since mice developed spontaneous mammary tumors in a somatic genetic 
background that is observed in patients as well35. As nicely shown in chapter 4, 
translating preclinical findings to the clinic and back is essential to truly understand 
the biology of disease and the actual mechanism of the treatment administered. In 
vivo (intervention) experiments and interdepartmental collaborations are crucial 
herein. 

In chapter 5, the vital importance of clinical validation of preclinical work is again 
nicely demonstrated. Based on preclinical and translational data, we hypothesized 
that carboplatin immune induction plus PD-L1 blockade could be effective in a 
subset of patients with metastatic ILC. In this chapter, we demonstrate the 
promising potential of this treatment regimen, particularly in TN-ILC and show 
that carboplatin plus PD-L1 blockade increased the expression of immune-related 
genes. One patient of interest with a durable response of at least one year 
had Estrogen Receptor (ER)+ ILC and had an inflamed TME before the start of 
carboplatin. This suggests that although rare, a subset of patients with ILC and 
high T-cell infiltration might benefit from PD-(L)1 blockade.

Most responses (four out of six) were seen in TN-ILC, in which a potential anti-
tumor effect of carboplatin could not be excluded and was short-lived, with only 
one patient truly having a durable response to PD-L1 blockade. It remains to be 
determined why responses to PD-L1 blockade were limited in patients with advanced 
classical ER-positive ILC. We hypothesize that this might be due to tumor-associated 
macrophages, shown in chapter 5 to be highly abundant in both primary tumors 
and metastatic lesions based on CIBERSORTx analysis. We also showed increased 
mast cells in metastatic lesions compared to matched primary tumors. Reducing 
the numbers of those generally immunosuppressive myeloid cells might be needed 
for effective T-cell activity required for an ICB response36,37. While we hypothesized 
that carboplatin could increase type I interferons and MHC class I expression based 
on preclinical research38,39, we did not observe significant effects of carboplatin 
alone on intratumoral or systemic T cells or the expression of immune-related gene 
signatures. This implies that induction with carboplatin is insufficient to overcome 
intrinsic ICB resistance observed in patients with classical, metastatic ILC and that 
additional strategies are needed to improve PD-L1 blockade. 

As highlighted throughout chapter 5, clinical trials in ILC have only been initiated in 
the last years, with the GELATO trial being the first report of a clinical trial designed 
explicitly for ILC. Novel combination regimens in classical ILC are currently under 
evaluation40 and include targeting genomic alterations in the PIK3CA pathway 
and HER241,42 or targeting of the synthetic lethality between ROS1 and E-cadherin 
(E-cadherin loss is one of the hallmarks of ILC)43. Results of the GELATO trial and 
the ongoing clinical trials in ILC are crucial for a better understanding of the 
disease’s biology. This will provide novel ideas for further personalized treatment 
of classical ILC. Ideally, patients can be treated with different combinations 
based on their tumor profiles, such as PD-(L)1 blockade for patients with high 
T-cell infiltration; blockade of the PI3K-Akt pathway in case of activation of this 
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pathway by for example PIK3CA mutations; HER2-targeting ADCs or tyrosine kinase 
inhibitors in case of HER2 alterations. International collaborations and in-depth 
characterization of tumors are crucial herein.

Predictive biomarkers for response to PD-(L)1 blockade in breast 
cancer

In chapter 6, we summarized the state-of-the-art biomarkers emerging for 
response to PD-(L)1 blockade in breast cancer. Unsurprisingly, the field rapidly 
evolved and there is currently more data on potential predictive biomarkers for 
ICB response. As described in chapter 6, mismatch repair deficiency (MMRd) is one 
of the significant determinants of response to ICB. One patient included in the 
TONIC trial (chapter 3) had an MMRd tumor and had a durable, ongoing response 
to PD-1 blockade44. While rare in breast cancer45, MMRd patients are very likely to 
respond to PD-(L)1 blockade46 and, therefore, might pose ideal candidates for de-
escalation of chemotherapy.

PD-L1 expression is currently the only biomarker for response to PD-(L)1 blockade 
in metastatic breast cancer used in the clinic. As described in chapters 3, 5 and 
6, the presence of PD-L1 on immune cells is associated with response to PD-(L)1 
blockade in metastatic breast cancer patients. However, technical limitations of 
PD-L1 assessments, such as differences in staining patterns based on the sample’s 
age, different scoring methods for each antibody, high interrater variability, and 
costs, hamper its use in the clinic47,48. Based on the KEYNOTE-355 results6, PD-L1 
expression in metastatic TNBC should currently be assessed with antibody clone 
22C3 and is scored as a combined positive score with a cut-off of 10%. Comparison 
between PD-L1 antibody clones in samples from IMpassion130 demonstrated higher 
sensitivity of 22C3, but PD-L1 positivity largely overlapped in patients benefitting 
from PD-(L)1 blockade independent of antibody clone49. Limitations of the PD-L1 
staining should be addressed in future research. 

As elaborated in chapter 7, several risks are involved in using a biomarker in 
clinical trials or daily practice. Stromal tumor-infiltrating lymphocytes (sTILs) are 
a basic read-out for immune infiltration and can be assessed from a Hematoxylin 
& Eosin (H&E) slide50. There is evidence that sTILs hold solid prognostic value in 
early TNBC51-54 making sTILs an attractive biomarker in TNBC. In chapter 7, we 
describe the use of sTILs as a stratification factor in the doxorubicin expansion 
cohort of the TONIC trial. We demonstrate that incorporating digital slides, a novel 
bioinformatics platform, oversight by a central manager, and digital scoring of 
trained pathologists can be used to efficiently and reliably obtain sTILs scores. 
Data from IMpassion130 showed that high sTILs (cut-off 10%) were predictive of 
outcome after atezolizumab plus nab-paclitaxel55, but as of now, no data on sTILs 
have been presented from the KEYNOTE-355. sTILs might also be predictive for 
PD-(L)1 blockade monotherapy in metastatic TNBC, as described in chapter 3. 
sTIL levels were higher in responders as compared to non-responders, which was 
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also observed in the KEYNOTE-86 cohorts56. Patients with high sTILs (≥5%) treated 
in the KEYNOTE-119 had a better outcome upon pembrolizumab monotherapy 
as compared to chemotherapy, while patients with low sTILs (<5%) had a better 
outcome after chemotherapy57. These data indicate that sTILs might aid in the de-
escalation of chemotherapy in favor of PD-(L)1 blockade in patients with metastatic 
TNBC. Future trials are needed to confirm these findings and demonstrate whether 
sTILs can be superior for predicting PD-(L)1 blockade response in breast cancer 
over PD-L1 expression. 

In chapter 3, we found that the presence of CD8+ T cells was associated with 
response to PD-1 blockade in patients with metastatic TNBC, which was also seen 
by others55,58. It is generally assumed that exhausted CD8+ T cells, characterized 
by high expression of PD-1 and other immune checkpoints, such as LAG3 and 
tumor residency markers (e.g. CXCL13), are one of the most critical cell types 
required for PD-(L)1 blockade response and therefore a valuable biomarker for 
response59. In breast cancer, several studies investigated this T-cell subset60-62. 
Still, its association with PD-(L)1 blockade response in breast cancer is not 
known yet and assessment of exhausted CD8+ T cells in clinical trial samples of 
IMpassion130, KEYNOTE-119 and KEYNOTE-355 are therefore eagerly awaited. An 
inflamed spatial pattern of T cells in the tumor area seems to be associated with 
PD-(L)1 blockade response in metastatic TNBC, as shown by Hammerl et al.63 using 
the data from the TONIC-trial (chapter 3) and in the IMpassion130 study64. In ER-
positive breast cancer, less is known about potential biomarkers for response. One 
study demonstrated the predictive value of exhausted T-cells in a small group of 
patients with metastatic ER-positive breast cancer65. Additionally, data from the 
I-SPY2 trial implied a potential predictive role for immune-related genes in neo-
adjuvant pembrolizumab response in both patients with early-stage TNBC and ER-
positive breast cancer66. 

Tumor mutational burden (TMB) has been associated with ICB response in other 
cancer types67,68, but this is less clear in breast cancer69. Using data from the TONIC-
trial (chapter 3), McGrail et al. demonstrated that there was no clear cut-off for 
TMB that was predictive for PD-(L)1 blockade response in TNBC and other cancers 
in which TMB did not correlate with CD8+ T-cell infiltration70. Interestingly, the 
TAPUR trial demonstrated a relatively high response rate (20%) to pembrolizumab in 
patients with advanced breast cancer and high TMB71. It remains to be determined, 
however, if these findings truly reflect a predictive role of TMB to pembrolizumab 
in breast cancer or if the high ORR is merely due to the inclusion of patients with 
a favorable prognosis. It is also unclear if other factors, such as PD-L1 expression 
or sTILs, had an impact on the high ORR. 

Finally, host factors are important in PD-(L)1 blockade response. Lactate 
dehydrogenase (LDH) has been shown to correlate with rapid progression during 
PD-(L)1 blockade in breast cancer58,72. The patients that were included in the TONIC 
trial (chapter 3) and GELATO trial (chapter 5) all had an LDH below two times the 
upper limit standard, possibly also causing a slightly higher response rate of 20% 
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in the TONIC trial (chapter 3) as compared to other cohorts. Additionally, a high 
tumor load has been described as negatively associated with PD-(L)1 blockade 
response in other cancer types73,74. In this thesis, we show that this is also the 
case for breast cancer, with in chapter 3 a strong association with low levels of 
circulating tumor marker CA15-3 in responding patients and in chapter 5 a lower 
clinical benefit rate in patients with three or more metastatic sites. 

Additionally, liver metastasis might be a strong indicator of intrinsic resistance to 
PD-(L)1 blockade. As shown in chapter 5, a higher clinical benefit rate was seen in 
ILC patients with no liver metastasis. Also, in the TONIC trial, we observed a strong 
correlation with a low clinical benefit rate in TNBC patients with liver metastasis 
(Figure 2A), which was also seen in other trials with PD-(L)1 blockade monotherapy 
in metastatic TNBC17,58. This can be due to the strongly immunosuppressive 
environment induced by liver metastasis, in which tumor-associated macrophages 
induce apoptosis of activated CD8+ T-cells and thereby diminishing systemic CD8+ 
T-cell levels75. No association was found with liver metastasis or a high number of 
metastatic sites and poor outcome after chemotherapy plus PD(L)1-blockade in the 
IMpassion130 and KEYNOTE-355, assuming that for these patients, chemotherapy 
as a partner for PD(L)1-blockade is needed6,7. Other potential strategies in patients 
with liver metastasis might be the inhibition of macrophage activity by colony-
stimulating receptor one receptor (CSF1R) inhibition76. 
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Figure 2: clinical benefit rate (CBR) in TONIC-1 (chapter 3 plus patients included in doxorubicin expansion phase) 
in patients with metastatic TNBC treated with PD-1 blockade with or without liver metastasis (a) and with 0% 
vs low-positive ER expression (1-9%) assessed on a metastatic lesion (b). Unavailable continuous receptor status 
(<10%) for 24 patients. CBR consists of complete response, partial response and stable disease for 24 weeks. Error bars 
represent 95% confidence intervals. Statistics by Fisher’s exact test.

Based on this data and the concept of the cancer immunogram77, in which it is 
described that several aspects of a patient determine an effective immune 
response, this can also be used for de-escalation of treatment. In patients with 
MMRd tumors or low tumor load, no liver metastasis and high sTILs or PD-L1 
expression, PD-(L)1 blockade alone can induce substantial responses without the 
toxicity of chemotherapy or other combinations. It must be noted that PD-(L)1 
blockade generally induces only low-grade adverse events but can induce impactful 
and sometimes life-threatening immune-related toxicity in a minority of patients, 
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which as compared to chemotherapy-related toxicity might have a delayed onset78. 
Especially in breast cancer patients, a substantial fraction of patients develops 
endocrine toxicity, such as adrenal insufficiency or thyroid dysfunction, which 
requires lifelong suppletion78. However, multiple studies focusing on health-related 
quality-of-life (QoL) in breast cancer patients demonstrate that the addition of 
PD-1 blockade to chemotherapy in patients with early-stage TNBC (KEYNOTE-522)79 
or metastatic TNBC (KEYNOTE-355)80 did not have a negative impact on QoL, as 
compared to patients treated with chemotherapy alone. Additionally, QoL in 
patients with metastatic TNBC treated with PD-1 blockade monotherapy in the 
KEYNOTE-119 was generally better as compared to patients treated with physician’s 
choice chemotherapy81. These findings consolidate the role of PD(L)1-blockade in 
the treatment of TNBC, but future research is needed to dissect which patients 
experience severe side effects of PD(L)1-blockade and to develop biomarkers not 
only for treatment response but also for treatment toxicity. 

Estrogen receptor expression and response to PD(L)1-blockade in 
breast cancer

This thesis highlights that responses to PD(L)1-blockade are more frequently 
observed in patients with TNBC than patients with ER-positive breast cancer. 
While the current indication for PD-(L)1 blockade is limited to TNBC, in this thesis, 
we demonstrate that a potential specific subgroup of ER-positive patients might 
benefit from PD-(L)1-blockade. In chapter 8, we show that patients with low 
and intermediate ER expression (1-50%) have a comparable immune landscape to 
patients with TNBC (ER 0%) in terms of TILs, CD8 T cells, PD-L1 expression and 
immune-related gene expression. This implies that these patients might benefit 
from PD(L)1-blockade. Since TONIC had a cut-off of <10% for ER-negativity, as is 
common practice in the Netherlands82, patients with low-positive ER expression (1-
9%) on metastases were included. We observed no difference in clinical benefit in 
patients with low-positive ER expression compared to patients with 0% ER expression 
(Figure 2B). Exploratory analysis of the I-SPY2 trial demonstrated that in ER-positive 
patients, lower expression of ESR1 and PGR correlated with higher pCR rates after 
the addition of neo-adjuvant durvalumab plus olaparib or pembrolizumab66,83 and 
in patients with metastatic ER-positive breast cancer low ER signaling associated 
with response to pembrolizumab plus eribulin84. Assuming that others will confirm 
that patients with low and intermediate ER expression potentially benefit from PD-
(L)1 blockade, novel trials or baskets within existing clinical trials could accelerate 
and potentially prioritize PD-(L)1 blockade for patients with low or intermediate 
ER expression in combination with endocrine treatment. Since severe toxicity of 
ICB with the current standard therapy in metastatic ER-positive breast cancer, 
CDK4/6 inhibitors, is seen, this combination will not be feasible85.

In chapter 8, we observed a correlation between mast cell presence and higher 
ER expression. In contrast, in chapter 5, we saw higher levels of mast cells in 
metastatic lesions compared to primary tumors. In the durvalumab-olaparib and 
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pembrolizumab arm of the I-SPY2 trial, mast cells were significantly associated 
with non-pCR in the ER-positive subgroup66,83 and mast cells have been implied in 
residual disease after neo-adjuvant chemotherapy86. Immune cells, particularly 
myeloid cells such as macrophages and mast cells, express ER and are therefore 
sensitive to estrogen signaling and inherently to estrogen deprivation treatments37. 
While the complex crosstalk between estrogen signaling and the immune system 
needs to be fully elucidated, an essential relationship between immunosuppressive 
myeloid cells and ER signaling with potentially detrimental effects on effector 
T-cell functioning and ICB response is implied87. However, a subgroup of patients 
with ER-positive breast cancer responds to PD-(L)1 blockade, particularly in the 
early-stage setting83,88,89, implying that some breast tumors are sensitive to T-cell 
killing regardless of the potential presence of myeloid cells and ER signaling in 
immune cells. Therefore, we want to challenge the traditional paradigm of dividing 
HER2-negative breast cancer into ER-positive and TNBC in light of their potential 
to respond to PD-(L)1 blockade. As nicely proposed by Wolf and colleagues66, novel 
treatment options require a new definition of breast cancer subtypes, with immune-
enriched breast cancer being the subtype most likely to benefit from PD-(L)1 
blockade. Based on the data described in this thesis, this HER2-negative immune-
enriched subgroup will mainly consist of patients with MMRd breast cancers, TNBC, 
breast tumors with low and intermediate ER expression and potentially a subset 
of ILC patients.

Future perspectives

Leveraging translational research of clinical trial samples described in this thesis 
is essential to better understand disease biology and treatment response. On-
treatment samples allow for in-depth characterization of treatment responses 
important for rational combination therapy. For example, as we show in chapter 
4 of this thesis, the dynamic changes in eosinophil levels in the blood and 
tumors observed in patients with a clinical response to PD-1 blockade were an 
important piece of the puzzle on how eosinophils are a crucial mediator in CD8+ 
T-cell activation. Additionally, biopsies from a progressive lesion after an initial 
response to PD-1 blockade are crucial to better understand acquired resistance 
to immunotherapy, such as potentially targetable acquired mutations90. Novel 
techniques now allow the high-dimensional investigation of the TME of breast 
cancer. Using techniques for in situ profiling of tumors, for example, multi-
parameter immunohistochemistry91, mass cytometry92 or multibeam ion imaging 
(MIBI)93, provides information on the distance between tumor cells and effector 
immune cells, abundance, and function of immune cells, including myeloid cells. 
Additionally, single-cell RNA sequencing of tumor digests might aid in understanding 
cell states to further clarify the mechanisms of PD-(L)1 blockade62,94. Using 
computer-based algorithms for scoring of this complex characterization of the 
immune microenvironment and a simple read-out such as sTILs95 will help to avoid 
interrater variability common in pathology-based assessments.
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Future research on IO in breast cancer should focus on rational biomarkers and 
combination treatments. Essential questions to answer are: 1) for which early-
stage breast cancer patients is PD-1 blockade monotherapy sufficient for curation; 
2) how can we rationally combine or sequence PD-1 blockade with other agents in 
those patients not likely to benefit from PD-1 blockade, such as CTLA-4 blockade, 
ADC’s, angiogenesis inhibition or PARP inhibition; 3) which predictive biomarkers 
are associated with response to PD-1 blockade in early-stage and/or metastatic 
TNBC and which patients are likely to develop immune-related toxicity; 4) which 
IO agents, such as anti-CTLA4 or anti-LAG3, synergize with PD-1 blockade clinically 
and immunologically and is this sufficient to overcome resistance after previous 
treatment with PD-1 blockade; 5) can we further exploit the translational findings 
from this thesis into (pre)clinical trials by for example: engaging eosinophils via 
local stimulation of IL-33; targeting macrophages in breast cancer patients with 
liver metastasis or inhibiting mast cells in patients with ER-positive breast cancer. 
I am optimistic that by further extensive translational research and (international) 
collaboration between preclinical and clinical researchers, we will rapidly gain a 
better understanding of PD-(L)1 blockade in breast cancer and clinical trials with 
novel rational (combination) treatments will inevitably emerge. 
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Nederlandse samenvatting

In de laatste jaren wordt steeds duidelijker dat borstkanker meer omvat dan alleen 
de tumorcellen zelf. Het disfunctionerende immuunsysteem speelt een belangrijke 
rol in de ontwikkeling van borstkanker en eventuele uitzaaiingen hiervan. Uit 
onderzoek is gebleken dat het aantal immuuncellen dat aanwezig is in borsttumoren 
voorspellend is voor de uitkomst van patiënten met een vorm van borstkanker die 
lastig te behandelen is, namelijk triple-negatieve borstkanker (TNBC). Bij deze vorm 
van borstkanker, gekarakteriseerd door de afwezigheid van hormoonreceptoren en 
de HER2 groeifactor receptor (vlag op de tumorcellen), was er tot voor kort geen 
behandeling mogelijk specifiek gericht op dit subtype. Hierbij was chemotherapie de 
enige optie met veel bijwerkingen tot gevolg. Echter, sinds de start van mijn promotie 
5 jaar geleden is er een enorme sprong gemaakt in de manier waarop we tegen TNBC 
aankijken. Omdat is gebleken dat het aantal immuuncellen en het aantal DNA-fouten 
die potentieel een aanwakkerend effect hebben op het immuunsysteem relatief 
hoog is in TNBC, bleek immuuntherapie effectief te zijn in een substantiële groep 
patiënten. Deze vorm van therapie, zogenoemde checkpoint blokkade, blokkeert de 
rem die tumorcellen aan het immuunsysteem doorgeven (de interactie tussen PD-L1 
en PD-1), waardoor immuuncellen, zoals T cellen, de tumorcellen beter herkennen 
en kunnen opruimen. In het eerste deel van dit proefschrift wordt onderzocht hoe de 
werking van immuuntherapie optimaal kan worden benut om de uitkomsten hiervan 
te verbeteren voor patiënten met uitgezaaide borstkanker. In het tweede deel van 
dit proefschrift wordt onderzocht hoe we patiënten beter kunnen selecteren die een 
grotere kans hebben op een goede respons op immuuntherapie. 

In hoofdstuk 2 bediscussiëren we een vergelijking tussen twee grote fase III studies 
met tegenstrijdige resultaten. In deze studies werd onderzocht of immuuntherapie 
(PD-L1 blokkade) in combinatie met chemotherapie beter werkte dan chemotherapie 
met placebo bij patiënten met uitgezaaide TNBC. Uit de IMpassion130 studie bleek 
dat PD-L1 blokkade in combinatie met nab-paclitaxel effectief was in patiënten met 
expressie van PD-L1. Echter, uit IMpassion131, waarin paclitaxel met PD-L1 blokkade 
of placebo werd gegeven, werd dit verschil niet gevonden. Dit kan deels verklaard 
worden door subtiele verschillen in patiënt karakteristieken en toeval, maar 
heeft mogelijk ook te maken met verschillende effecten op het immuunsysteem 
tussen paclitaxel en nab-paclitaxel en het gebruik van immunosuppressiva in 
de IMpassion131. Hoewel de IMpassion130 resultaten veelbelovend waren, is 
immuuntherapie met chemotherapie voor patiënten met uitgezaaide PD-L1 positieve 
TNBC pas definitief goedgekeurd op basis van de resultaten van de KEYNOTE-355 
studie. In deze studie werd tevens aangetoond dat immuuntherapie (PD-1 blokkade) 
in combinatie met chemotherapie effectief is in patiënten met uitgezaaide PD-L1 
positieve TNBC. Omdat deze studie wel was opgezet om de effectiviteit aan te tonen 
in deze subgroep, in tegenstelling tot de IMpassion130, werd pas op basis van de 
KEYNOTE-355 de behandeling goedgekeurd.
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In de bovengenoemde fase III studies werd immuuntherapie gecombineerd 
met chemotherapie. Dit leidt echter tot veel bijwerkingen voor patiënten en in 
potentie een vernietigend effect van de chemotherapie op circulerende en tumor-
specifieke immuuncellen. Deze effecten lijken echter afhankelijk van de dosering 
van de chemotherapie, waarbij uit eerder onderzoek is gebleken dat lage dosis 
chemotherapie juist een positief effect op het immuunsysteem kan hebben. Om te 
testen of lage dosis chemotherapie of bestraling het immuunsysteem kan stimuleren 
om de werking van immuuntherapie te verbeteren werd de TONIC-trial opgezet, 
waarvan de resultaten beschreven worden in hoofdstuk 3. In deze studie werden 67 
patiënten met uitgezaaide TNBC behandeld met een kortdurende voorbehandeling 
van twee weken, met ofwel: 1) adriamycine; 2) cisplatin; 3) cyclofosfamide; 4) 
bestraling van een uitzaaiing; 5) een wachtperiode, gevolgd door tweewekelijks 
PD-1 blokkade (nivolumab). Er werd bloed en tumormateriaal afgenomen voor 
de start van de behandeling, na de twee weken voorbehandeling en na 6 weken 
immuuntherapie. De belangrijkste bevinding was dat de meeste patiënten die 
goed reageerden op de immuuntherapie een voorbehandeling hadden gehad met 
ofwel adriamycine of cisplatin. Tevens zagen we dat behandeling met adriamycine 
of cisplatin gevolgd door immuuntherapie zorgde voor verhoogde expressie van 
immuun-gerelateerde genen en meer T-cel infiltratie. Hoewel de verschillende 
armen in de studie niet direct met elkaar vergeleken kunnen worden, duiden deze 
resultaten erop dat adriamycine en cisplatin een mogelijk stimulerend effect hebben 
op het immuunsysteem bij patiënten met TNBC met als gevolg een betere respons op 
immuuntherapie. Om dit verder te onderzoeken en de resultaten te valideren zijn 
er in deze twee behandelarmen meer patiënten geïncludeerd (tweede deel van de 
TONIC-1 studie en in de TONIC-2 studie).

Translationeel onderzoek van patiënten samples zoals bloed en het tumormateriaal, 
is essentieel om een beter begrip te krijgen van hoe immuuntherapie bij borstkanker 
werkt. In hoofdstuk 4 wordt beschreven dat eosinofielen, een type immuun cel 
welke normaliter betrokken is bij het opruimen van parasieten maar ook bij astma 
en allergieën, noodzakelijk zijn voor een effectieve respons op immuuntherapie. We 
vonden dat in patiënten met uitgezaaide TNBC (geïncludeerd in de TONIC-studie, 
beschreven in hoofdstuk 3) die goed reageerden op PD-1 blokkade er een stijging 
was van het aantal eosinofielen in het bloed en in de tumoren. Dit was echter niet te 
zien in patiënten die geen respons hadden op de immuuntherapie. Ook zagen we dat 
de stijging van de eosinofielen samenging met een stijging van CD8+ T cellen in de 
tumoren, waarbij deze killer immuuncellen zorgen voor het uiteindelijke opruimen 
van de tumorcellen. Om te bekijken wat de precieze rol is van de eosinofielen hebben 
we gebruikt gemaakt van muismodellen welke veel overeenkomsten hebben met hoe 
borstkanker zich gedraagt in patiënten. In deze muizen zagen we hetzelfde patroon 
als bij de patiënten, eosinofielen stegen in het bloed en in de tumoren in de muizen 
die behandeld waren met PD-1 blokkade met chemotherapie. Belangrijker nog, bij 
het blokkeren van de eosinofielen bleek er geen respons meer op te treden op de 
behandeling. Dit bleek te berusten op activatie van CD4+ T cellen na behandeling 
met immuuntherapie, waarbij deze helper immuuncellen IL-5 produceren. Dit stofje 
zorgt voor verhoogde aanmaak in het beenmerg van eosinofielen welke vervolgens 
in de circulatie terecht komen. Eosinofielen komen onder invloed van IL-33 in de 
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tumoren waar ze CD8+ T cellen kunnen activeren om uiteindelijk de effectiviteit 
van immuuntherapie te verbeteren. Het onderzoek beschreven in hoofdstuk 4 
maakt duidelijk dat deze cascade in zowel patiënten met kanker als muismodellen 
essentieel is voor een effectieve respons op immuuntherapie. Vervolgonderzoek 
in studies waarin deze cascade gestimuleerd kan worden, kan mogelijk leiden tot 
nieuwe doorbraken om immuuntherapie voor kankerpatiënten te verbeteren. 

In hoofdstuk 5 beschrijven we de resultaten van de GELATO-studie, waarin 
patiënten met uitgezaaide lobulaire borstkanker werden behandeld met PDL1-
blokkade (atezolizumab) in combinatie met chemotherapie (carboplatin). Lobulaire 
borstkanker ontstaat vanuit de melkklieren en gedraagt zich opmerkelijk anders 
dan borstkanker uitgaande van de melkgangen. Patiënten met uitgezaaide lobulaire 
borstkanker hebben een kortere overlevingsduur en vaker uitzaaiingen in de botten 
en in het maag-darm kanaal. Uit eerder onderzoek is gebleken dat een gedeelte van 
de lobulaire borsttumoren hoge expressie heeft van immuun-gerelateerde genen en 
dat immuuntherapie daardoor mogelijk een grotere kans heeft om aan te slaan in 
deze groep. Omdat lage dosis chemotherapie een positief effect kan hebben op het 
immuunsysteem (zie hoofdstuk 2) werd lage dosis carboplatin voor 12 weken met 
immuuntherapie gecombineerd waarna de immuuntherapie alleen verder gegeven 
werd. Zes van de 23 patiënten hadden enige respons op de behandeling, waarvan 
vier patiënten langer dan een halfjaar en een patiënt zelfs langer dan een jaar. Vier 
patiënten van de zes met een respons hadden borstkanker zonder expressie van de 
hormoonreceptor, TNBC. In tumormateriaal afgenomen van een uitzaaiing zagen we 
een stijging van CD8+ T cellen en hogere genexpressie van verschillende markers 
voor een effectieve immuunrespons na 6 weken combinatiebehandeling. Deze studie 
toont dat PD-L1 blokkade met chemotherapie effectief is in met name patiënten met 
TNBC, wat aansluit bij de reeds bestaande goedkeuring van deze behandeling voor 
deze patiëntengroep. 

In het tweede deel van dit proefschrift wordt de focus verschoven naar de identificatie 
en toepassing van potentiële markers om eventuele respons op immuuntherapie 
te voorspellen. In hoofdstuk 6 beschrijven we de bestaande literatuur van deze 
biomarkers met aandacht voor onderzoeksdata in andere tumortypen en potentiële 
biomarkers voor immuuntherapie respons in borstkanker. Op basis van de toen 
bestaande literatuur vonden we dat PD-L1 expressie op immuuncellen bij de tumor 
en de aanwezigheid van T cellen bij de tumor (tumor-infiltrerende lymfocyten, TILs) 
voorspellend kunnen zijn voor de respons op immuuntherapie. Dit hebben we kunnen 
bevestigen door onze eigen patiënten te onderzoeken en de resultaten hiervan zijn 
beschreven in hoofdstuk 2. 

Aangezien de bepaling van TILs technisch makkelijk is doordat er weinig bewerking 
van het tumormateriaal nodig is, is dit een zeer praktische biomarker. Uit 
verschillende onderzoeken bleek dat TILs een potentieel sterk voorspellende waarde 
voor immuuntherapie respons hadden (zie hoofdstuk 2 en hoofdstuk 6). Hierom 
hebben we TILs gebruikt in de opzet van het vervolg van de TONIC-studie. Echter 
aan de implementatie van biomarkers in klinische studies kleven vaak uitdagingen en 
risico’s, zoals vertraging in inclusie. In hoofdstuk 7 beschrijven we onze workflow om 
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TILs effectief en efficiënt als biomarker te kunnen gebruiken. Door vlak na het biopt 
hier een hoog-resolutie scan van te maken, deze vervolgens online en anoniem te 
uploaden in SlideScore konden we een panel van expert pathologen in verschillende 
centra TILs laten scoren. Door hier tijdsdoelen aan te geven, waren we in staat om 
bij 96% van de geïncludeerde patiënten binnen 72 uur een definitieve TIL score te 
hebben. Dit konden we vervolgens gebruiken om patiënten te stratificeren in de twee 
behandelarmen van de studie. Ons beschreven stappenplan kan als een blauwdruk 
gebruikt worden om de risico’s te verkleinen die horen bij de implementatie van een 
biomarker voor de inclusie van patiënten in een klinische trial. 

Tot slot beschrijven we in hoofdstuk 8 dat een potentiële nieuwe groep van 
borstkanker patiënten baat kan hebben van immuuntherapie. Immuuntherapie 
is met name effectief in TNBC, waarbij de meeste onderzoeken verricht zijn bij 
patiënten met volledige afwezigheid van de oestrogeen (hormoon)receptor. Echter 
uit eerder onderzoek is gebleken dat karakteristieken van borsttumoren met lage 
expressie van de oestrogeen receptor (met minder dan 10% expressie) lijken op 
die van tumoren met geen enkele expressie van deze receptor. In hoofdstuk 8 
hebben we gekeken of dit ook geldt voor de aanwezigheid van immuuncellen en 
expressie van immuun-gerelateerde genen. We vonden dat het immuunprofiel van 
de groep borsttumoren met oestrogeenreceptor expressie tussen de 1 en 9%, maar 
ook tussen de 10 en 50%, gelijkenissen vertoond met borsttumoren zonder enige 
expressie van de oestrogeenreceptor. Borsttumoren met meer dan 50% expressie 
van de oestrogeenreceptor hadden veel minder T cellen rondom de tumor en 
lagere PD-L1 expressie in vergelijking met tumoren met minder dan 50% expressie. 
Alleen mestcellen, een type immuuncel dat een remmende werking kan hebben op 
T cellen, waren hoger in tumoren met hoge oestrogeenreceptor expressie. Deze 
bevindingen wijzen erop dat patiënten met borsttumoren met lage expressie van de 
oestrogeenreceptor (<50%) mogelijk baat kunnen hebben van immuuntherapie. Dit 
moet echter verder onderzocht worden in analyses binnen klinische studies. 

In dit proefschrift wordt aangetoond dat immuuntherapie effectief is in een selecte 
groep van patiënten met uitgezaaide borstkanker en dat immuuntherapie met lage 
dosis chemotherapie een stimulerend effect kan hebben in deze groep. Het in detail 
onderzoeken van patiëntmaterialen is essentieel voor een beter begrip van de respons 
op immuuntherapie bij borstkanker patiënten. In dit proefschrift wordt hiermee 
onder andere aangetoond dat eosinofielen noodzakelijk zijn voor een effectieve 
respons op immuuntherapie en dat TILs veilig en efficiënt gebruikt kunnen worden als 
potentiële biomarker voor immuuntherapie respons. Ook kan op basis van dit werk 
verder onderzocht worden of patiënten met borsttumoren met een lage expressie 
van de hormoonreceptor daadwerkelijk baat kunnen hebben bij immuuntherapie en 
worden aanknopingspunten geïdentificeerd hoe immuuntherapie verder verbeterd 
kan worden bij patiënten met borstkanker. Toekomstig onderzoek zal moeten 
uitwijzen welke patiënten met een nieuwe immuuntherapie combinatie behandeld 
kunnen worden, welke patiënten voldoende hebben aan alleen immuuntherapie en 
of de biomarkers genoemd in dit proefschrift ingezet kunnen worden in de klinische 
praktijk. 
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