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SUMMARY
Therapy-induced molecular adaptation of triple-negative breast cancer is crucial for immunotherapy
response and resistance. We analyze tumor biopsies from three different time points in the randomized neo-
adjuvant GeparNuevo trial (NCT02685059), evaluating the combination of durvalumab with chemotherapy,
for longitudinal alterations of gene expression. Durvalumab induces an activation of immune and stromal
gene expression as well as a reduction of proliferation-related gene expression. Immune genes are positive
prognostic factors irrespective of treatment, while proliferation genes are positive prognostic factors only in
the durvalumab arm. We identify stromal-related gene expression as a contributor to immunotherapy resis-
tance and poor therapy response. The results provide evidence from clinical trial cohorts suggesting a role for
stromal reorganization in therapy resistance to immunotherapy and in the generation of an immune-suppres-
sive microenvironment, which might be relevant for future therapy approaches targeting the tumor stroma
parallel to immunotherapy, such as combinations of immunotherapy with anti-angiogenic therapy.
INTRODUCTION

Triple-negative breast cancer (TNBC) has a poor prognosis on

one hand, but on the other hand, a high response rate to chemo-

therapy,1,2 and the responding patients have an excellent prog-
Cell Reports Medicine 5, 101825, Novem
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nosis.3–5 Tumor proliferation is an indicator of poor prognosis,

but a predictor of improved chemotherapy response.6

Immune checkpoint inhibitor therapy in combination with

chemotherapy is standard of care for early7,8 and metastatic

TNBC.9,10 For a better understanding of the adaptation of the
ber 19, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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tumor microenvironment to immunotherapy, it is important to

separate the molecular effects of immunotherapy from those of

conventional chemotherapy and to identify cellular pathways

that are in control of therapy response and resistance as well

as long-term outcome.

In the neoadjuvant setting, patients with pathological complete

response (pCR) have an excellent outcome.11 However, on the

clinical trial level, an increased pCR rate does not always result

in an improved overall survival. On the other hand, improved sur-

vival outcome could be observed also in neoadjuvant clinical trials

without significant improvements in pCR rate.12,13

In this translational research program, we analyzed a total of

247 biopsies taken at three different time points during

the GeparNuevo trial (NCT02685059),14 a neoadjuvant trial

evaluating the addition of durvalumab to chemotherapy. The

GeparNuevo clinical design is particularly suitable for these in-

vestigations, because in the window phase of this trial, a subset

of patients received one dose of durvalumab vs. placebo before

the addition of chemotherapy 2 weeks later. Therefore, it is

possible to separate the molecular alterations induced by durva-

lumab alone from complex alterations induced by the durvalu-

mab plus chemotherapy combination.

The overall aim was the identification of pathways and genes

relevant for therapy resistance and survival after durvalumab,

and the dissection of longitudinal molecular alterations induced

by durvalumab. The results were validated in independent clinical

cohorts, including the MEDI4736 trial (NCT02489448)15,16 investi-

gating the neoadjuvant durvalumab-chemotherapy combination

in TNBC, the BrighTNess trial (NCT02032277)17,18 investigating

a neoadjuvant combination therapy approach without an immune

checkpoint inhibitor, as well as the SCAN-B (survival data with

non-immune therapy, NCT02306096) cohort.
RESULTS

Biomarker cohort and longitudinal samples
Clinical trial design and samples for biomarker analysis are

shown in Figure 1. A total of 247 tumor samples were evalu-
2 Cell Reports Medicine 5, 101825, November 19, 2024
ated by gene expression analysis: 148 pretherapeutic core bi-

opsies (A-samples; durvalumab: n = 77; placebo: n = 71),

72 samples after the window phase (B-samples), and 27 sam-

ples after 12 weeks of nab-paclitaxel therapy (C-samples).

Table S1 shows the clinicopathological parameters of the

GeparNuevo biomarker cohort (n = 148). The endpoints pCR

(no residual tumor in breast and lymph nodes after neoadju-

vant therapy) and distant disease-free survival (DDFS) were

evaluated.
Gene signatures relevant for pCR and/or DDFS in the
complete cohort
One of the main clinical results of the GeparNuevo trial was

the observation of a significant survival benefit,14 despite only

a moderate, non-significant increase in pCR rate.12 In the

biomarker cohort used for this translational investigation, the

main results of the clinical trial were still evident, with a non-sig-

nificant increased pCR rate with neoadjuvant durvalumab

(54.5%) compared to placebo (50.7%) as well as a significantly

improved DDFS with neoadjuvant durvalumab compared with

placebo (stratified hazard ratio [HR] 0.34, 95% confidence inter-

val 0.14–0.82, p = 0.0161). Particularly good survival was

observed for patients with pCR in the durvalumab arm (n = 42 pa-

tients with no event).

To identify cellular pathways relevant for pCR and long-term

outcome, we performed a gene set enrichment analysis (GSEA)

using the 50 hallmark (HM) gene sets19 as well as the 25 biolog-

ical groups defined for the HTG Oncology Biomarker Panel

(HTG gene sets). Up- or downregulation was quantified using

the normalized enrichment score (NES). Based on gene expres-

sion data for 2,549 genes in 148 pretherapeutic biopsies, we

performed a GSEA for both clinical endpoints, DDFS and

pCR combining both therapy arms (Figure 2A), including HTG

gene sets (HTG) and HM gene sets. The NES for pCR (x axis,

blue) and DDFS (y axis, orange) is shown. In the upper right

quadrant, pathways are enriched that are linked to increased

pCR rate as well as improved DDFS, including several immune

gene sets. In the lower right quadrant, pathways are enriched
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Figure 1. Clinical trial design and samples for biomarker analysis

(A) Overview of the neoadjuvant phase 2 double-blind randomized placebo-controlled GeparNuevo trial (NCT02685059).

(B) Longitudinal gene expression analysis for the evaluation of durvalumab and chemotherapy-related changes. Sequential formalin-fixed paraffin-embedded

(FFPE) samples for longitudinal analysis: before the start of therapy (A-samples), after the window phase (B-samples), and after 12 weeks of chemotherapy +/�
durvalumab (C-samples).

(C) Description of three gene expression cohorts for independent validation: MEDI-4736 trial (NCT02489448), BrighTNess trial (NCT02032277), SCAN-B

(NCT02306096). iDFS, invasive disease-free survival; DDFS, distant disease-free survival; OS, overall survival; durva, durvalumab; plac, placebo; TNBC, tri-

ple-negative breast cancer; TILs, tumor-infiltrating lymphocytes; pCR, pathological complete response; GSEA, gene set enrichment analysis.
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that are linked to increased pCR, but reduced survival,

including proliferation pathways. In the lower left quadrant,

several stromal gene sets are enriched. These gene sets have

a negative correlation with both, pCR and DDFS, indicating a

highly aggressive phenotype that does not seem to benefit

from neoadjuvant chemotherapy. Figures S1–S4 show the de-
tails of the gene sets relevant for pCR and DDFS in the com-

plete GeparNuevo cohort. Proliferation-related gene sets were

positively associated with increased pCR, but not with

improved DDFS. In contrast, an enrichment of immune-related

gene sets was positively associated with both, increased pCR

and improved DDFS.
Cell Reports Medicine 5, 101825, November 19, 2024 3
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Figure 2. Gene set enrichment for the clinical endpoints pCR and DDFS

(A) 2D GSEA plot of the complete G9 biomarker cohort (both arms combined, pretherapeutic biopsies) using HTG-defined (HTG) and hallmark gene sets (HM).

The normalized enrichment score (NES) for pCR (x axis, blue) and DDFS (y axis, orange) is shown.

(B) 2D GSEA plot for the durvalumab arm and the two clinical endpoints pCR and DDFS.

(C) 2D GSEA plot for the placebo arm and the two clinical endpoints pCR and DDFS.
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Gene signatures relevant for pCR and/or DDFS—
Stratified by treatment arms
We stratified the GSEA for both therapy arms (Figures 2B and

2C) and observed considerable differences of gene sets relevant

for pCR and/or DDFS in the two therapy arms. In the 2D-GSEA

plot for the durvalumab arm, the majority of cellular pathways

are found in the upper right quadrant of the plot, showing gene

sets linked to improved pCR rate as well as improved DDFS (Fig-

ure 2B). These gene sets include immune-related, but also pro-

liferation gene sets. In contrast, gene sets linked to EMT and

stromal parameters are found in the lower left quadrant, indi-

cating a negative predictive role for pCR as well as a negative

predictive role for DDFS.
4 Cell Reports Medicine 5, 101825, November 19, 2024
In the placebo arm, the accumulation of gene sets in the upper

right quadrant is not observed. In contrast, gene sets related to

cellular proliferation are linked to increased pCR, but reduced

DDFS (lower right quadrant, Figure 2C). Gene sets related to

stromal biology have a similar negative role for pCR and DDFS

as shown in the durvalumab arm.

A more detailed analysis of GSEA is shown in Figures S5 and

S6 for DDFS and therapy response, with a focus on GSEA plots

for the most important cellular pathways in the durvalumab arm

(Figure S5) and the placebo arm (Figure S6).

In summary, the GSEA analysis shows an improved pCR and

improved DDFS for immune, but also for proliferation-related

gene sets in the durvalumab arm. Thus, the typical negative
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Figure 3. Relevance of individual genes for survival and therapy response in the two therapy arms

(A) Overview on the number of significant genes (p < 0.05) for increased or reduced pCR rate in the durvalumab arm as well as the placebo arm (Venn diagram).

(B) Overview on the number of significant genes (p < 0.05) for improved or reduced DDFS in the durvalumab arm as well as the placebo arm (Venn diagram).

(C–G) Overlap between significant genes for DDFS and pCR in the two trial arms, Venn diagram (D) as well as odds ratio (OR) for pCR and HR for DDFS for

selected genes that are significant in more than one subgroup. Error bar: 95% CI.
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role of proliferation markers for DDFS is not observed in the dur-

valumab arm, while it is still present in the placebo arm.

Prognostic and predictive genes in the two therapy arms
For a detailed analysis, we focused on the individual significant

genes relevant for pCR and DDFS in the two therapy arms (Fig-

ure 3). In the durvalumab arm, a total of 317 genes were signifi-

cantly correlated with pCR and a total of 181 genes were signif-

icantly correlated with DDFS (p < 0.05, Figures 3A and 3B). In the

placebo arm, the number of significant genes was considerably

lower: only 148 genes were significant for pCR and only 84 genes

for DDFS (Figures 3A and 3B).
Interestingly, the overlap of genes in the different signatures

(Figures 3C–3G) was very limited. Only 7 genes were significant

for durvalumab pCR, placebo pCR, and durvalumab DDFS (Fig-

ure 3F), and 4 genes were significant for durvalumab pCR, pla-

cebo pCR, and placebo DDFS (Figure 3G). In the durvalumab

arm, 40 genes were significant for both endpoints (pCR and

DDFS, Figure 3C), while in the placebo arm, only 5 geneswere sig-

nificant for both endpoints (Figure 3D). A total of 43 genes were

significant for pCR in the durvalumab as well as the placebo

arm;most of these genes were immune-related genes (Figure 3E).

Based on the results of theGSEA,we defined threemajor gene

set groups (GSGs) that contribute to outcome and prognosis in
Cell Reports Medicine 5, 101825, November 19, 2024 5
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the neoadjuvant setting. The immune GSG was defined as those

genes included in the gene sets immuno-oncology (HTG), allo-

graft rejection (HM), interferon alpha response (HM), and inter-

feron-gamma response (HM). The proliferation-related GSG

was defined as those genes included in the gene sets cell cycle

(HTG), E2F targets (HM), G2M checkpoint (HM), and mitotic

spindle (HM). The stromal-related GSG was defined as those

genes included in the gene sets angiogenesis (HTG), angiogen-

esis (HM), coagulation (HM), epithelial-mesenchymal transition

(HM), fatty acid metabolism (HM), and myogenesis (HM).

In Figure 4, the relevant genes from the immune, proliferation,

and the stromal GSG for pCR in the durvalumab arm are shown.

Most immune genes and most proliferation-related genes were

linked to an increased pCR rate (Figures 4A and 4B). In contrast,

the most significant genes within stromal GSG were linked to a

reduced pCR rate (Figure 4B); this group contained genes related

to cancer-associated fibroblasts (CAFs), as well as angiogenesis.

The results of the three major GSGs for the endpoint DDFS in

the durvalumab arm are shown in Figures 4C and 4D. Immune

genes were associated with improved prognosis; the most sig-

nificant gene was CD274 (PD-L1, p = 0.009). Interestingly, prolif-

eration-related genes were associated with improved prognosis

in the durvalumab arm, validating the results observed for prolif-

eration-related gene sets in the GSEA. The significant stromal

genes for the DDFS endpoint in the durvalumab arm included

predominantly immune-related genes, which were associated

with improved survival.

Effects of durvalumab in the window phase
In the window phase of GeparNuevo, patients were treated with

neoadjuvant durvalumab vs. placebo for 2 weeks, without the

addition of chemotherapy. This allowed assessing durvalumab-

induced gene expression changes by comparison of biopsies

before (A-samples) and after the window treatment (B-samples).

An overview of longitudinal gene expression changes is shown

in Figure 5 for differentially expressed genes in the window phase

in the durvalumab (Figure 5A) and the placebo arm (Figure 5B).

Durvalumab induced an upregulation of immune genes (including

LAG3, FKBP5, PD-L1 (CD274), andCXCL12) and stromalmarkers

such as procollagen C endopeptidase enhancer 1 (PCOLCE) (Fig-

ure 5A). In the placebo arm, only limited alterations were observed

in the window phase (Figure 5B).

In GSEA using the HM gene sets as well as the HTG gene sets,

we observed a durvalumab-induced upregulation of immune

gene sets, including immuno-oncology (HTG), interferon-gamma

response (HM), and allograft rejection (HM) (Figures 5C and 5D)

in thewindow phase. This inductionwas not observed in patients

treated with placebo (Figures 5C and 5E).

In contrast, proliferation-related gene sets, in particular the

gene sets cell cycle, G2M checkpoints, and E2F targets, were

reduced in core biopsies treated with durvalumab (Figures 5C

and 5D), while they were enriched in post-window core biopsies

from the placebo arm (Figures 5C and 5E).

Therapy-induced alterations after 12 weeks of
chemotherapy with or without durvalumab
Additional biopsies (C-samples) were collected after 12

weeks of nab-paclitaxel therapy to investigate gene expres-
6 Cell Reports Medicine 5, 101825, November 19, 2024
sion patterns with a durvalumab-chemotherapy combination

compared to chemotherapy-placebo. The administration of

chemotherapy in both treatment arms induced extensive

changes in gene set enrichment profiles, with a total of 593

genes significantly altered by durvalumab-chemotherapy

and a total of 606 genes by chemotherapy alone (data not

shown).

GSEA after four cycles of chemotherapy shows a downregula-

tion of the large majority of gene sets (Figure S7). However,

within the durvalumab-chemotherapy arm, there were two

immune-related gene sets that remained significantly increased

(CD antigens [p < 0.0001] and immuno-oncology [p < 0.0001]).

These increased immune gene sets were not observed

in the placebo-chemotherapy arm. Similarly, the significant

reduction of proliferation-related gene sets such as G2M check-

point (p < 0.0001), EF2 targets (p < 0.0001), and cell cycle

(p < 0.0001) by durvalumabwas also similar between thewindow

phase and the first four cycles of chemotherapy (Figures S7A

and S7B). In the placebo-chemotherapy arm, the reduction of

proliferation-related gene sets was observed only as a non-sig-

nificant trend (Figures S7A and S7C). For several other gene

sets, including hypoxia, MTORC signaling, glycolysis, and

others, there was a significant reduction only in the durvalu-

mab-chemotherapy combination arm. A significant reduction in

both therapy arms is observed for several other gene sets

(Figure S7).

In summary, durvalumab induced an activation of immune

gene expression as well as a reduction of tumor proliferation,

indicating a combination of immune activation with anti-prolif-

erative tumor effects. Interestingly, these alterations were

already observed after one dose of durvalumab in the window

phase and persisted during the neoadjuvant chemotherapy

phase.

Combination of gene signatures for pCR and survival
An overview of the results of the GeparNuevo investigation with a

focus on definedGSGs is given in Figure 6. Individual genes from

the 3 main GSGs (immune, proliferation, and stroma) are shown

to illustrate important longitudinal alterations as well as differ-

ences between genes and pathways for pCR and DDFS in the

two trial arms.

In the scatterplot in Figures 6A and 6B, genes with a positive

impact on pCR and DDFS are shown in the upper right quad-

rant, including immune genes and proliferation-related genes,

particularly in the durvalumab arm (Figure 6A). Genes with a

negative impact on pCR as well as DDFS are located in the

lower left quadrant, including stromal genes. The volcano plot

in Figure 6C summarizes the regulation of immune, prolifera-

tion, and stromal genes by one dose of durvalumab in the win-

dow phase. Figure 6 illustrates that immune genes linked to

improved outcome are induced in the durvalumab window,

while proliferation genes are reduced in the window. The acti-

vation of immune pathways in the window phase may

contribute to a coordinated anti-tumor response that is mani-

fested by an induction of immune genes as well as a reduction

of proliferation genes.

Interestingly, an induction of stromal genes was also observed

in the durvalumab window. These stromal genes play a special
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Figure 4. Contribution of the combined immune, proliferation, and stromal gene set groups to prediction of pCR
(A and B) Venn diagrams (A) as well as OR for pCR for selected genes from the three groups (B).

(C and D) Contribution of combined immune, proliferation, and stromal gene set groups (GSGs) to DDFS Venn diagrams (C) as well as HR for DDFS for selected

genes from the three groups (D). Error bar: 95% CI.
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Figure 5. Evaluation of molecular alterations in longitudinal TNBC samples, comparing pretherapeutic core biopsies (A-samples) with core

biopsies after the window phase (B-samples)

(A and B) Volcano plots for the evaluation of differentially expressed genes in the window phase in the durvalumab (A) and the placebo arm (B).

(C) Comparison of gene set enrichment in both therapy arms in the window phase of the trial. The normalized enrichment score (NES) for placebo (blue) and

durvalumab (orange) is shown.

(D and E) GSEA results for selected gene sets in the window phase with (D) or without (E) durvalumab. CTX, chemotherapy; FDR, false discovery rate.

8 Cell Reports Medicine 5, 101825, November 19, 2024
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Figure 6. Longitudinal gene expression changes and predictive and prognostic genes in GeparNuevo—Summary of main results for indi-
vidual genes from the gene groups

(A and B) Significant genes for pCR (OR, x axis) and DDFS (1/HR, y axis) for the durvalumab (A) and the placebo (B) arm of the GeparNuevo trial. Genes were

selected based on significance (p < 0.01) for at least one endpoint (pCR and DDFS) in at least one of the study arms. Color coding: combined immune, prolif-

eration, stromal gene groups; for genes that were linked to more than one group, immune and proliferation were the preferred groups.

(C) Volcano plot highlighting longitudinal alterations induced by durvalumab during the window phase for selected genes relevant for immune activation, pro-

liferation, and stromal remodeling.

(D and E) Overview of gene expression data from all pretherapeutic biopsies, separated by trial arm (left, durvalumab arm, right: placebo arm). Genes were

selected based on a significance (p < 0.01) for at least one endpoint (pCR or DDFS) in at least one trial arm or in the complete cohort. Genes were sorted into the

combined immune, proliferation, and stromal gene group (as indicated in the STARMethods section). In addition, the gene groups DNA repair and stem cell were

included. Genes that were assigned into more than one gene group were duplicated for this figure. The heatmap in (D) is sorted based on the combined immune

gene set; the heatmap in (E) is sorted based on the combined proliferation gene set.
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role: they are induced by durvalumab, similar to the immune

genes. But—in contrast to the immune genes—they are linked

to poor outcome with reduced pCR rate and reduced survival.

Figures 6D and 6E summarize the alterations of the main

GSGs in the durvalumab and the placebo arm, sorted by
increased expression of immune genes (Figure 6D) or increased

expression of proliferation genes (Figure 6E). In both figures, the

stromal genes are inversely related to the immune or proliferation

genes, with increased expression of stromal genes in non-re-

sponding patients.
Cell Reports Medicine 5, 101825, November 19, 2024 9
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Validation in independent datasets
For an independent validation of the associations of the different

gene groups with clinical endpoints and treatment arms, we

used the three validation cohorts MEDI4736 (neoadjuvant durva-

lumab therapy), BrighTNess (neoadjuvant non-durvalumab ther-

apy), and SCAN-B (survival data with non-immune therapy). As

shown in Figures 7A and 7B, the role of stromal, proliferation,

and immune genes for pCR was very similar when comparing

the two treatment arms of GeparNuevo (Figure 7A) and the com-

bined MEDI4736 and BrighTNess dataset (Figure 7B), validating

the positive role of immune and proliferation genes as well as the

negative role of stromal genes for therapy response. In addition,

regarding the combined pCR and DDFS results (as shown in

Figures 6A and 6B for the two GeparNuevo arms), a similar dis-

tribution of the main gene groups (stromal, immune, and prolifer-

ation) was observed in a combination of MEDI4736 (Figure 7C) or

BrighTNess (Figure 7D) with the SCAN-B cohort to cover the sur-

vival endpoint.

Based on genes from stromal, immune, and proliferation

GSGs, which were predictive for pCR in the durvalumab arm of

the GeparNuevo (G9) training cohort, we generated three gene

signatures (see supplemental methods), which were predictive

for pCR in GeparNuevo (Figures 7E and 7G). We validated the

predictive value of these three signatures in the MEDI4736 vali-

dation cohort (Figures 7F and 7H). The combination of stromal

and immune signatures (Figures 7E and 7F) as well as prolifera-

tion and immune signatures (Figures 7G and 7H) defined patient

groups with different pCR rates in both cohorts. In particular, tu-

mors with high stromal and low immune gene expression had a

low pCR rate of 24.0% in the GeparNuevo durvalumab arm (Fig-

ure 7E) and 13.3% in the MEDI4736 cohort (Figure 7F), and tu-

mors with low stromal and high immune gene expression had

a high pCR rate of 95.5% in the GeparNuevo durvalumab arm

(Figure 7E) and 73.3% in the MEDI4736 cohort (Figure 7F). Tu-

mors with high immune gene expression as well as high prolifer-

ation-related gene expression had a pCR rate of 85.2% in

GeparNuevo (Figure 7G) and 77.8% in MEDI4736 (Figure 7H).

Figure S8 shows the distribution of patients with pCR depend-

ing on the three gene signatures covering immune, proliferation,

and stromal gene expression in the GeparNuevo durvalumab

arm (training cohort) and the validation cohort MEDI4736. In

particular, the negative role of stromal gene expression as well

as the positive role of immune and proliferation genes could be

validated in the independent MEDI4736 cohort.

DISCUSSION

In this study using serial biopsies from the neoadjuvant

GeparNuevo trial, we characterized the longitudinal molecular

changes induced by neoadjuvant immunotherapy and chemo-

therapy and their association with response, survival, and immu-
Figure 7. Validation in three independent cohorts

MEDI4736 (neoadjuvant durvalumab therapy), BrighTNess (neoadjuvant non-dur

(A and B) Stromal, proliferation, and immune genes for pCR in the two treatm

BrighTNess dataset (B). Similar distribution of the three main gene groups (stro

combinedwith the SCAN-B cohort to cover the survival endpoint. In theGeparNue

and immune gene signatures (E, F) as well as proliferation and immune signature
notherapy resistance. Themain results of this investigation were:

(1) administration of one dose of durvalumab alone increased im-

mune gene expression and reduces proliferation-related gene

expression; (2) these durvalumab-induced effects persist in the

chemotherapy phase; (3) for chemotherapy alone, we could

not identify a coordinated cellular response, just a downregula-

tion of all major cellular pathways; (4) the addition of durvalumab

to chemotherapy leads to a change in predictive and prognostic

gene expression patterns, with a positive effect of immune genes

but also a positive effect of proliferation genes for pCR as well as

DDFS (which is in line with the reduction of proliferation observed

already in the window phase); and (5) we identify stromal-related

gene expression as a contributor to immunotherapy resistance

and poor prognosis.

In our study, we show that immune biomarkers are linked to

therapy response as well as improved survival, suggesting that

the modulation of tumor-immune interaction could be an option

to improve outcome. Considering the significant reduction of

proliferation-related gene expression that was already observed

in the durvalumab window, the observed altered prognostic ef-

fect of tumor proliferation might be caused by durvalumab-

induced immune activation, which might lead to an inhibition of

proliferation pathways by the activated immune system. There-

fore, the effect of durvalumab is already emerging within the win-

dow phase, where a single dose of durvalumab induces exactly

those changes that are later relevant for prognosis, i.e., an

increased immune gene activation and a reduction of prolifera-

tion-related pathway activity.

This suggests that the alterations by durvalumab are observed

early during treatment, suggesting a role for immunotherapy

particularly in the neoadjuvant setting. This is in line with the

result of recent trials in melanoma,20,21 and also with emerging

preclinical and clinical evidence in breast cancer.22,23 Consid-

ering this early immune induction by immunotherapy, the rele-

vance of the post-neoadjuvant continuation of immunotherapy

should be evaluated in additional clinical trials, in particular in pa-

tients with pCR.

PD-L1 (CD274) expression was significantly increased in pa-

tients obtaining a pCR in the durvalumab as well as the placebo

arm, which is in line with previous observations, showing that

PD-L1 is not a specific predictor of immunotherapy response,

but a general marker of response to neoadjuvant therapy.7,21,24

Interestingly, the most significant prognostic factor for improved

DDFS in the durvalumab arm was the therapy target PD-L1

(CD274) itself. This prognostic effect of PD-L1 for improved

DDFS was observed only in the durvalumab and not in the pla-

cebo arm.

Other immune checkpoint markers including PDCD1 (PD-1),

PDCDLG2 (PD-L2), and LAG3 were also upregulated during

the window phase, i.e., with one single dose of durvalumab.

Combinations of immunotherapeutics have been evaluated in
valumab therapy), and SCAN-B (survival data with non-immune therapy).

ent arms of the GeparNuevo dataset (A) and the combined MEDI4736 and

mal, immune, and proliferation) if the MEDI4736 (C) or BrighTNess (D) were

vo durvalumab arm aswell as theMEDI4736 cohort, the combination of stromal

s (G, H) defined patient groups with similar pCR rates in both cohorts.
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malignant melanoma25,26 and other malignancies,27,28 but their

role in early breast cancer is still not clear.

Despite this upregulation of immunosuppressive molecules,

the upregulation of indicators of cytotoxic activities such as

granzyme A and interferon gamma, the upregulation of T cell

markers including CD8A and CD4, as well as the upregulation

of elements of the antigen-presenting machinery, such as

HLA-E and TAP1, indicate an increased cytotoxic activity

already within the durvalumab window. This cytotoxic activity

is in line with the reduction of tumor proliferation-related gene

expression that is also observed during the window phase and

might contribute to positive association of higher initial tumor

proliferation with improved DDFS, which is observed only in

the durvalumab arm.

In addition to the effects on immune activation, the modula-

tion of the stromal microenvironment by durvalumab includes

also an induction of stromal gene expression, which has a

negative impact on pCR. This durvalumab-induced stromal

response might suggest an emerging resistance mechanism,

which might be related to a modulation of the tumor microen-

vironment. The genes COL1A1, COL1A2, and COL3A1, as

well as the PCOLCE enzyme were significantly induced by

durvalumab and were associated with a reduced pCR rate

in the durvalumab arm. PCOLCE is involved in the enzymatic

cleavage of procollagen to collagen29 and has been described

as a negative prognostic marker in gastric cancer.30 In addi-

tion, it has been shown that PCOLCE is relevant for lumen for-

mation in angiogenesis.31 Considering the fact that stromal fi-

broblasts are the main sources of collagens, our results

suggest an induction of CAF activity by immune checkpoint

inhibitors, which contributes to therapy resistance and modu-

lates angiogenesis.

In addition, an important step in the generation of an immuno-

suppressive tumor microenvironment is the increased expres-

sion of the chemokine CXCL12, which has also been observed

in the durvalumab window. CXCL12 is produced by CAFs and

has been shown to induce angiogenesis32 and to induce the dif-

ferentiation of monocytes into immunosuppressive tumor-asso-

ciated macrophages (TAMs).33 In line with this finding, we

observed an increased expression of the macrophage marker

CD68 in the durvalumab window.

For an independent validation, we combined two separate trial

cohorts (MEDI4736 and BrighTNess). In this combination, we

could validate the negative role of stromal gene expression on

pCR. However, it should be noted that the non-randomized com-

bination of two trial cohorts is a potential limitation of our study.

Based on the results of our study aswell as studies in other tumor

types, concepts for combination therapies targeting the angio-

genesis, tumor microenvironment, and CAFs in parallel to immu-

notherapy are emerging.

In our study, we describe the induction of genes relevant for

CAF and TAM activity by a PD-L1 inhibitor in a neoadjuvant

breast cancer clinical trial cohort. Our results support the role

of these cell types for therapy resistance in other types of tu-

mors34,35 and for tumor progression and generation of an im-

mune-suppressive microenvironment in breast cancer.36–39

Based on our results, a model of adaptation of the microenviron-

ment to immune checkpoint inhibitor therapy is emerging that
12 Cell Reports Medicine 5, 101825, November 19, 2024
leads to a better understanding of the mechanisms of therapy

response and resistance.

The identification of stromal cells as an important contributor

to immunotherapy resistance provides translational evidence

for new therapeutic options to overcome this resistance. We

have specifically focused on the expression of genes relevant

for fibroblast activation and angiogenesis that could be targeted

by angiogenesis or FGFR inhibitors as well as multi-kinase inhib-

itors.40,41 In particular, bispecific antibodies targeting the im-

mune system aswell as angiogenesis42–44might provide a prom-

ising option to modulate the tumor microenvironment in TNBC

and other tumor types.

The results from our investigation strongly support the further

development of these therapy approaches in TNBC and

contribute to the current research focus on stromal alterations

and modulation of the tumor microenvironment across tumor

entities.

Limitations of the study
It should be noticed that there are several limitations of this

study: we have not performed formal correction for multiple

testing of p values of gene expression experiments. Further-

more, it is not possible at this stage to precisely identify the

cell type (e.g., CAF or macrophage) that is responsible for the

control of the stromal modeling. Additional validations in pro-

spective clinical trial cohorts are necessary for the validation of

the combined gene expression signature.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Sibylle Loibl (sibylle.

loibl@gbg.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The data for this study, together with analysis code and output files, are

available on GitHub (Link: https://github.com/tkarn/G9-HTG).

d The code for this analysis has been deposited in Zenodo (link: https://

doi.org/10.5281/zenodo.13833943).

d Any additional information required to reanalyze the data reported in this

work paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

The analysis was funded by a research grant from the German Cancer

Aid (Deutsche Krebshilfe, Translational Oncology, Integrate-TN project;

70113450). The validation analysis was funded by a research grant from the

German Federal Ministry of Science and Education (BMBF, SATURN3 project;

01KD2206M) and by grants from the H.W. & J. Hector Stiftung (M2327) and

from ERA-NET TRANSCAN (MAGNOLIA). Research and biostatistical re-

sources were provided by GBG.

AUTHOR CONTRIBUTIONS

The study was designed by C.D., A.S., J.R., T.K., A.H., K.E.W., S.R., V.N., and

S.L. C.D., A.S., J.R., T.K., A.H., M.B., J.H., P.J., H.-P.S., D.-M.Z., B.F., C.H.,

J.T.-S., F.M., T.F., J.T., B.V.S., T.S., M.M., J.-U.B., M.v.M., C. Schem, P.S.,

T.L., V.M., E.S., D.G.S., C. Solbach, O.M.-F., C.J., C.E.G., P.A.F., L.P., V.N.,

mailto:sibylle.loibl@gbg.de
mailto:sibylle.loibl@gbg.de
https://github.com/tkarn/G9-HTG
https://doi.org/10.5281/zenodo.13833943
https://doi.org/10.5281/zenodo.13833943


Article
ll

OPEN ACCESS
M.U., and S.L. contributed to data acquisition. Data analysis was performed by

C.D., J.R., T.K., A.H., K.E.W., S.R., P.J., J.T.-S., B.V.S., T.S., M.M., D.G.S.,

O.M.-F., C.J., C.E.G., L.P., V.N., and S.L. Patient recruitment, sample collec-

tion, as well as data collection were performed by C.D., A.S., J.R., T.K., A.H.,

K.E.W., S.R., M.B., J.H., P.J., H.-P.S., D.-M.Z., B.F., C.H., J.T.-S., F.M., T.F.,

J.T., B.V.S., T.S., M.M., J.-U.B., M.v.M., C. Schem, P.S., T.L., V.M., E.S.,

D.G.S., C. Solbach, O.M.-F., C.J., C.E.G., P.A.F., L.P., V.N., M.U., and S.L.

All authors interpreted the data. The first draft of the report was written by

C.D. Verification of the underlying data was performed by C.D., J.R., T.K.,

and A.H. The decision to submit the report for publication was made by all

the authors. All authors contributed to the review of the manuscript.

DECLARATION OF INTERESTS

C.D. reports grants from European Commission H2020, grants from German

Cancer Aid Translational Oncology, grants from German Breast Group, and

grants from BMBF to the institution during the conduct of the study; personal

fees from Novartis, personal fees from Roche, personal fees from MSD

Oncology, personal fees from Daiichi Sankyo, personal fees from

AstraZeneca and Molecular Health, grants from Myriad, personal fees from

Merck, and other funding from Sividon Diagnostics outside the submitted

work; in addition, C.D. has a patent VMScope digital pathology software

with royalties paid, a patent WO2020109570A1—cancer immunotherapy

pending, and a patent WO2015114146A1 and WO2010076322A1—therapy

response issued. J.R. declares to be a GBG Forschungs GmbH employee.

GBG Forschungs GmbH received funding for research grants from AbbVie,

Amgen, AstraZeneca, BMS, Daiichi Sankyo, Gilead, Molecular Health, Novar-

tis, Pfizer, and Roche (paid to the institution). Funding was also received (non-

financial/medical writing) from Daiichi Sankyo, Gilead, Novartis, Pfizer, Roche,

and Seagen (paid to the institution). GBG Forschungs GmbH has royalties in

VM Scope and patents pending: EP14153692.0, EP21152186.9, and

EP15702464.7. T.K. reports a patent WO2020109570A1 pending. S.R. de-

clares to be a GBG Forschungs GmbH employee. GBG Forschungs GmbH

received funding for research grants from AbbVie, Amgen, AstraZeneca,

BMS, Daiichi Sankyo, Gilead, Molecular Health, Novartis, Pfizer, and Roche

(paid to the institution). J.H. reports research funding from Lilly; honoraria

from Lilly, Novartis, Roche, Pfizer, AstraZeneca, Seagen, Gilead, and Daiichi;

consulting and advisory relationships with Lilly, Novartis, Roche, Pfizer,

AstraZeneca, Gilead, and Daiichi; travel expenses from Roche, Novartis, Daii-

chi, and Gilead. P.J. reports research funding and travel expenses from Gilead

Sciences GmbH. C.H. reports an advisory role and speakers bureau role for

AstraZeneca, Roche, Novartis, and Aristo Pharma. B.V.S. is an employee of

BioNTech SE and reports a patentWO2020109570A1 pending. J.-U.B. reports

consultation fees, honoraria, and reimbursement for attending symposia from

AstraZeneca, Amgen, Daiichi Sankyo, Eisai, Gilead, Lilly, MSD, Novartis,

Pfizer, Roche, and Seagen. M.v.M. reports personal fees, honoraria, or travel

grants from Amgen, AstraZeneca, Daiichi Sankyo, Genomic Health, GSK, Lilly,

Molecular Health, MSD, Mylan, Novartis, Pfizer, Pierre Fabre, Roche, and

Seagen.

C. Schem reports speaker activities for Roche, Pfizer, Novartis, Celgen, No-

vartis, Exact Sciences, MSD, AstraZeneca, Lilly, and Seagen, as well as advi-

sory boards for Roche, Astra Zeneca, Pfizer, Novartis, MSD, Amgen, Exact

Sciences, Stemline, Lilly, and Novartis.

T.L. reports personal fees from Amgen, Roche, Teva, Clovis, Tesaro, MSD,

Novartis, Pfizer, Lilly, GSK, Gilead, AstraZeneca, Daiichi Sankyo, Stemline,

and Seagen outside of the submitted work. T.L. participates in advisory

boards from Amgen, MSD, Tesaro, Roche, Pfizer, Lilly, Myriad, Esai, GSK,

Gilead, Daiichi Sankyo, Roche, and AstraZeneca outside of the submitted

work and T.L. received travel support from Pfizer, PharmaMar, MSD, Cel-

gene, Roche, AstraZeneca, Gilead, Daiichi Sankyo, Stemline, and Clovis

outside of the submitted work. P.S. reports grants, personal fees, and

non-financial support from AbbVie, Amgen, AstraZeneca, Bristol Myers

Squibb Company, MSD, Incyte, Janssen-Cilag, Novartis, Takeda, Pfizer,

and Roche. V.M. received speaker honoraria from AstraZeneca, Daiichi San-

kyo, Eisai, GSK, Pfizer, MSD, Medac, Novartis, Roche, Seagen, Onkowis-

sen, high5 Oncology, Medscape, Gilead, and Pierre Fabre; consultancy hon-

oraria from Roche, Pierre Fabre, Amgen, ClinSol, Novartis, MSD, Daiichi
Sankyo, Eisai, Lilly, Sanofi, Seagen, Gilead, and Stemline; institutional

research support from Novartis, Roche, Seagen, and Genentech; and travel

grants from Roche, Pfizer, Daiichi Sankyo, and Gilead. L.P. has received

consulting fees and honoraria for advisory board participation from Pfizer,

AstraZeneca, Merck, Novartis, Bristol Myers Squibb, GlaxoSmithKline,

Genentech/Roche, Personalis, Daiichi, Natera, and Exact Sciences and

institutional research funding from Seagen, GlaxoSmithKline, AstraZeneca,

Merck, Pfizer, and Bristol Myers Squibb. C.E.G. reports the following

competing interests: Exact Sciences, Advisory Board, personal; AbbVie,

Steering Committee member, institutional, co-chair of SC for BrighTNess;

Daiichi Sankyo, member SC, institutional, co-chair of SC for DESTINY-

Breast05; Genentech/Roche, SC member, institutional, co-chair of SC for li-

dERA; Genentech/Roche, coordinating PI, institutional, NSABP B-59/

GeparDouze; and Genentech/Roche, SC member, institutional, co-chair of

SC for KATHERINE. C.J. reports honoraria from AstraZeneca, Amgen, Daii-

chi Sankyo, Lilly, Roche, Pfizer, MSD Oncology, Pierre Fabre, Sanofi-

Aventis, Seagen, Gilead, and Novartis and has a consulting or advisory

role for Amgen, Lilly, Roche, Pfizer, Pierre Fabre, Novartis, MSD Oncology,

Agendia, Seagen, Gilead, Lilly, Stemline, and Medac. V.N. declares to be a

GBG Forschungs GmbH employee. GBG Forschungs GmbH received fund-

ing for research grants from AbbVie, AstraZeneca, BMS, Daiichi Sankyo, Gi-

lead, Novartis, Pfizer, and Roche (paid to the institution). GBG Forschungs

GmbH received other funding from Daiichi Sankyo, Gilead, Novartis, Pfizer,

Roche, and Seagen (paid to the institution). GBG Forschungs GmbH has the

following royalties/patents: EP14153692.0, EP21152186.9, EP15702464.7,

EP19808852.8, and VM Scope GmbH. M.U. reports honoraria from

AstraZeneca, Amgen, Daiichi Sankyo, Lilly, Roche, Pfizer, MSD Oncology,

Pierre Fabre, Sanofi-Aventis, Myriad, Seagen, Gilead, and Novartis; has a

consulting or advisory role for Amgen, Lilly, Roche, Pfizer, Pierre Fabre, No-

vartis, MSD Oncology, Agendia, Seagen, Gilead, Lily, Stemline, Genzyme,

and Medac; and all honoraria and fees are paid to the employer/institution.

S.L. reports grants and other funding from AbbVie; other funding from Am-

gen; grants and other funding from AstraZeneca; other funding from BMS;

grants and other funding from Celgene; grants, non-financial support, and

other funding from Daiichi Sankyo; other funding from EirGenix; other fund-

ing from Eisai Europe Ltd; other funding fromGSK; grants, non-financial sup-

port, and other funding from Immunomedics/Gilead; other funding from Lilly;

other funding from Merck; grants from Molecular Health; grants, non-finan-

cial support, and other funding from Novartis; grants, non-financial support,

and other funding from Pfizer; other funding from Pierre Fabre; other funding

from Relay Therapeutics; grants, non-financial support, and other funding

from Roche; other funding from Sanofi; non-financial support and other

funding from Seagen; and other funding from Olema Pharmaceuticals,

outside the submitted work. In addition, S.L. has a patent EP14153692.0

pending, a patent EP21152186.9 pending, a patent EP15702464.7 issued,

a patent EP19808852.8 pending, and a patent Digital Ki67 Evaluator with

royalties paid.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
B Study design and clinical cohorts

d METHOD DETAILS

B Endpoints

B Gene expression analysis using the HTG OBP panel

B Analysis of cellular pathways based on temporal expression data

B Gene set groups (GSG) and gene class assignment

B Predictive gene signatures

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Statistical analysis

B Correction for multiple testing

B Organization of the bioinformatical analysis
Cell Reports Medicine 5, 101825, November 19, 2024 13



Article
ll

OPEN ACCESS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

xcrm.2024.101825.

Received: August 6, 2023

Revised: June 3, 2024

Accepted: October 18, 2024

Published: November 19, 2024

REFERENCES

1. Carey, L.A., Dees, E.C., Sawyer, L., Gatti, L., Moore, D.T., Collichio, F., Ol-

lila, D.W., Sartor, C.I., Graham, M.L., and Perou, C.M. (2007). The triple

negative paradox: primary tumor chemosensitivity of breast cancer sub-

types. Clin. Cancer Res. 13, 2329–2334.

2. Liedtke, C., Mazouni, C., Hess, K.R., André, F., Tordai, A., Mejia, J.A.,
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40. Chung, H.C., Saada-Bouzid, E., Muñoz, F.L., Yanez, E., Im, S.-A., Casta-

non, E., Graham, D.M., Garcia-Corbacho, J., Lopez, J., Ghori, R., et al.

(2020). Lenvatinib plus pembrolizumab for previously treated, advanced

triple-negative breast cancer: Early results from the multicohort phase 2

LEAP-005 study. Cancer 81. Abstract nr PS12-07.

41. Saba, N.F., Steuer, C.E., Ekpenyong, A., McCook-Veal, A., Magliocca, K.,

Patel, M., Schmitt, N.C., Stokes, W., Bates, J.E., Rudra, S., et al. (2023).

Pembrolizumab and cabozantinib in recurrent metastatic head and neck

squamous cell carcinoma: a phase 2 trial. Nat. Med. 29, 880–887.

42. Guo, Y., Guo, J., Cheng, Y., Wang, Z., Li, Y., Lv, D., Yin, Y., Li, G., Wu, L.,

Huang, Y., et al. (2023). Phase Ib/IIa safety and efficacy of PM8002, a bis-

pecific antibody targeting PD-L1 and VEGF-A, as a monotherapy in pa-

tients with advanced solid tumors. J. Clin. Oncol. 41, 2536.

43. Zhao, Y., Chen, G., Chen, J., Zhuang, L., Du, Y., Yu, Q., Zhuang, W., Zhao,

Y., Zhou, M., Zhang, W., et al. (2023). AK112, a novel PD-1/VEGF bispe-

cific antibody, in combination with chemotherapy in patients with

advanced non-small cell lung cancer (NSCLC): an open-label, multicenter,

phase II trial. EClinicalMedicine 62, 102106.

44. Tzuri, N., Yegodayev, K.M., Novoplansky, O., Elkabets, M., Aharoni, A.,

and Papo, N. (2023). Developing a dual VEGF/PDL1 inhibitor based on

high-affinity scFv heterodimers as an anti-cancer therapeutic strategy.

Sci. Rep. 13, 11923.

45. Brueffer, C., Gladchuk, S., Winter, C., Vallon-Christersson, J., Hegardt, C.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Tumor biopsies and data from the

neoadjuvant GeparNuevo trial

Loibl et al.12 NCT02685059

Tissue microarray from GeparNuevo core

biopsies

GBG biobank at Institute of Pathology,

Philipps University Marburg

NCT02685059

Data generated from tumor biopsies from

the neoadjuvant MEDI4736 trial

Blenman et al.16 NCT02489448

Data generated from tumor biopsies from

the BrighTNess trial

Filho et al.18 NCT02032277

Data generated from tumor bioosies from

the Sweden Cancerome Analysis Network-

Breast (SCAN-B) population-based cohort

Brueffer et al.45 NCT02306096

Critical commercial assays

Oncology Biomarker mRNA Panel, ILM Kit,

1x96

HTG Molecular Diagnostics, Tucson,

Arizona, US

916-002-096

Deposited data

Data for this study GitHub https://github.com/tkarn/G9-HTG

Analysis code Zenodo https://doi.org/10.5281/zenodo.13833943

Output files GitHub https://github.com/tkarn/G9-HTG

Software and algorithms

R version 4.2.1 The R Project for Statistical Computing https://www.r-project.org

GSEA software, version 4.2.3 Subramanian et al.46 https://www.gsea-msigdb.org/gsea/

downloads.jsp

The Molecular Signatures Database

(MSigDB

Liberzon et al.19 https://www.gsea-msigdb.org/gsea/

msigdb
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and clinical cohorts
The neoadjuvant phase 2 double-blind randomized placebo-controlled GeparNuevo trial (NCT02685059) included 174 patients

with cT1-cT4a-d triple-negative breast cancer (TNBC) who received durvalumab 1.5 g or placebo every 4 weeks added to nab-pacli-

taxel 125 mg/m2 body surface area (BSA) weekly for 12 weeks, followed by durvalumab vs. placebo every 4 weeks plus epirubicin

90 mg/m2 BSA/cyclophosphamide 600 mg/m2 BSA every 2 weeks followed by surgery.

A subset of patients received one injection of durvalumab vs. placebo alone in the window phase 2 weeks before start of nab-pacli-

taxel. Based on the recommendation of the Independent DataMonitoring Committee (IDMC), the window phase was stopped after 117

patients were recruited. Thereafter all patients started with durvalumab/placebo plus chemotherapy on day 1. Durvalumab was not

continued after surgery. For longitudinal biomarker analyses, formalin-fixed, paraffin-embedded (FFPE) tumor samples were collected

before the start of therapy (A-samples), after the window phase (B-samples) and after 12 weeks of nab-paclitacel +/� durvalumab

(C-samples). Tumor samples were sent to the biobank prior to randomization for central testing of expression of human epidermal

growth factor receptor 2 (HER2), estrogen receptor (ER), progesterone receptor (PR) and Ki-67 and assessment of tumor-infiltrating

lymphocytes (TILs). Samples were stored in the central biobank for gene expression analysis. The analysis set for biomarker evaluation

included the modified intent to treat (mITT) analysis set from the GeparNuevo study (n = 174; durvalumab: n = 88; placebo: n = 86).

The clinical trial was approved by the relevant ethics committee and authorities, informed consent was obtained for clinical trial

participation, biomaterial collection as well as translational investigations. In addition, the translational investigations were approved

by the ethics committee of the Philipps University Marburg (38/20 and 121/20).

As validation cohorts, the neoadjuvant MEDI4736 trial (NCT02489448) as well as the BrighTNess trial (NCT02032277) were used

for validation of genes related to pCR. RNA-Seq data and pCR status from the MEDI4736-trial was available for 55 patients.15

RNA-Seq data from BrighTNess was available for 482 patients.17 For additional validations regarding survival, RNA-Seq data
e1 Cell Reports Medicine 5, 101825, November 19, 2024
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of 326 TNBC samples from the Sweden Cancerome Analysis Network-Breast (SCAN-B; NCT02306096) population-based cohort

was used.47,45

METHOD DETAILS

Endpoints
Pathological complete response (pCR)wasdefinedasno invasiveandnonon-invasive residuals inbreastand lymphnodes (ypT0/ypN0).

Distant disease-free survival (DDFS)was defined as time inmonths from randomization until any distant recurrence, any secondaryma-

lignancy or death due to any cause, whichever occurred first.48 Patients without event were censored at the date of the last contact.

Gene expression analysis using the HTG OBP panel
For gene expression analysis in FFPE core biopsies, two different approaches were used. For longitudinal gene expression the HTG

EdgeSeq Oncology Biomarker Panel (OBP, HTGMolecular Diagnostics, Tucson, Arizona, US) was used, as described before.49 One

single FFPE section with a minimum of 20% tumor cellularity was used for gene expression analysis, which makes this approach

suitable for longitudinal evaluations in the neoadjuvant setting.

TheHTGEdgeSeqOncology Biomarker Panel measures the expression of 2549 genes related to tumor biology. For quality control,

we transformed the reads to counts permillion (CPM)50 and calculated themean of four negative and four positive internal controls for

each sample.We repeated processing for a sample if themean of its positive controls was below two standard deviations (SDs) of the

grandmean across all samples or if the mean of its negative controls were above two SDs from the grandmean.47 As additional qual-

ity control, samples with less than 1.5 million total counts were excluded from further analysis. To improve reproducibility a modifi-

cation of the CPMmethod was applied by introducing a lower bound of 3 on CPM values. Valid QC-cleaned HTG data was available

in n = 148 patients of the mITT analysis set (durvalumab: n = 77; placebo: n = 71). Gene expression analysis was performed using R

version 4.2.1.

Analysis of cellular pathways based on temporal expression data
For gene set enrichment analysis (GSEA), the 2549 genes of the HTG OBP panel were mapped to 25 gene groups and pathways

predefined by HTG (HTG gene sets), as well as to the established 50 hallmark gene sets (HM) of the Human Molecular Signatures

Database19 representing well-defined biological states and processes. For several genes in the GSEA datasets, there was more

than one associated gene set, so that the number of gene-gene set allocations was higher than the number of genes in the HTG

OBP panel.

The GSEAwas performed with the GSEAPreranked analysis of the GSEA software, version 4.2.346 by using a rankmetric based on

the respective p-values and the sign of the test statistic of univariate regression analyses for pCR and DDFS in different cohorts

(-log10(p-value)*sgn(test statistic) for pCR; log10(p-value)*sgn(test statistic) for DDFS). Positive values of the rank metric refer to

genes that aremore likely upregulated in patients with a pCR resp. with a longer survival, negative values to genes that aremore likely

downregulated.

The following GSEA statistics were generated: Enrichment score (ES) for each significant gene set: degree to which gene set is

overrepresented at the top or bottom of the ranked list of genes in this gene set; normalized enrichment score (NES): normalized

across analyzed gene sets; p-value for the statistical significance of the ES; false discovery rate (FDR): probability that the NES rep-

resents a false positive finding. The threshold for significant enrichment were defined as a p-value of <0.05 and an FDR of <0.25. For

analysis of more than one outcome parameter (e.g., combined GSEA for pCR and DDFS), only those gene sets were included that

had a significant enrichment for at least one of the two outcome parameters.

Gene set groups (GSG) and gene class assignment
For some evaluations, gene sets with similar biological functions were combined to gene set groups (GSGs). The combined immune

GSG was defined as those genes included in the gene sets immuno-oncology (HTG), allograft rejection (HM), interferon alpha

response (HM) or interferon gamma response (HM). The combined proliferation-related GSG was defined as those genes included

in the gene sets cell cycle (HTG), E2F targets (HM), G2M checkpoint (HM) or mitotic spindle (HM). The combined stromal GSG was

defined as those genes included in the gene sets angiogenesis (HTG), angiogenesis (HM), coagulation (HM), epithelial mesenchymal

transition (HM), fatty acid metabolism (HM) or myogenesis (HM). The combined DNA repair GSG was defined as those genes

included in the gene sets DNA repair (HTG) or DNA repair (HM). The stem cell GSG was based on the gene set stem cells (HTG).

If genes that are members of several GSGs need to be assigned to a unique class (e.g., for color coding in plots), we used the

following ranking of GSGs: 1) immune, 2) proliferation, 3) stromal, 4) DNA repair, 5) stem cell, 6) other (not in any of the above

gene sets). Detailed code is available in the SETUP section of the supplemental R script. Figures were created using a licensed

version of biorender.com.

Predictive gene signatures
We also defined three predictive gene signatures based on GSGs and response data in the GeparNuevo durvalumab arm

(Figures 7E–7H and S8): For immune and proliferation GSGs, all genes positively predictive for pCR (OR>1 and p % 0.05) were
Cell Reports Medicine 5, 101825, November 19, 2024 e2
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included, for the stromalGSG, all genes negatively predictive for pCR (OR<1 and p% 0.05). The signature scores were calculated as

unweightedmean of the scaled log2 values of the respective genes, and zerowas used as a cutoff for categorical classification in both

finding and validation cohort. The respective gene lists are given in Table S2. Detailed code is available in the supplemental R script.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
All categorical variables were summarized as number and percent of patients in each category. Statistical tests (Wilcoxon signed

rank test for longitudinal data) were by default 2-sided, significance level was set to a = 0.05. Confidence intervals (CI) symmetrically

span 95%. Univariate logistic regression analyses were used for pCR to report odds ratios (OR) with 95%CI. Univariate Cox propor-

tional hazards model were used for DDFS to report hazard ratios with 95% CI.

Correction for multiple testing
The GSEA analysis was adjusted for multiple testing according to the false discovery rate, while all other p-values were not adjusted

for multiple testing as the study was designed to generate hypothesis for future research rather than to confirm specific hypotheses.

Organization of the bioinformatical analysis
The different analysis teams were physically separated and blinded. Members of the bioinformatic and writing team (CD, TK, AH) are

fully blinded during the whole analysis to the clinical data of the GeparNuevo patients. The correlation of HTG gene expression data

with clinical outcome and GSEA was performed by the statistics team at GBG headquarter (JR, KW) and the results for all genes

transferred on a cohort level to the bioinformatic team with no clinical patient level data. The respective dataset is available in online

on GitHub together with the analysis code (see above in section resource availability for links). For additional studies in the

GeparNuevo dataset, R scripts were provided to the GBG statistics team and the output figures sent back to the analysis and writing

team.
e3 Cell Reports Medicine 5, 101825, November 19, 2024
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