Cell Reports

Medicine

Molecular adaptation to neoadjuvant
immunotherapy in triple-negative breast cancer
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e Inhibition of PD-L1 leads to the activation of immune and
stromal gene expression

e Immune, proliferation, and stromal gene sets are linked to
therapy response and prognosis

e Stromal gene expression is associated with reduced pCR rate

and prognosis

e The results are relevant for response prediction and new
combination therapy concepts
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In brief

Denkert et al. evaluate the longitudinal
changes in tumor tissue of triple-negative
breast cancer in a clinical trial cohort
treated with neoadjuvant immunotherapy
plus chemotherapy. The role of different
gene sets in the prediction of therapy
response and prognosis was analyzed,
with afocus onimmune, proliferation, and
stromal genes.
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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 arole 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 nosis.>™ Tumor proliferation is an indicator of poor prognosis,
but a predictor of improved chemotherapy response.®
Triple-negative breast cancer (TNBC) has a poor prognosis on Immune checkpoint inhibitor therapy in combination with

one hand, but on the other hand, a high response rate to chemo-  chemotherapy is standard of care for early”® and metastatic
therapy,’? and the responding patients have an excellent prog- TNBC.%'° For a better understanding of the adaptation of the

':L Cell Reports Medicine 5, 101825, November 19, 2024 © 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."’ 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.'*'®

In this translational research program, we analyzed a total of
247 biopsies taken at three different time points during
the GeparNuevo trial (NCT02685059),'" 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)'°'® investi-
gating the neoadjuvant durvalumab-chemotherapy combination
in TNBC, the BrighTNess trial (NCT02032277)'"'® 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-
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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,'* despite only
a moderate, non-significant increase in pCR rate.'? 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 sets'® 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.

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

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- and improved DDFS.
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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.

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.

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 genes were 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 the GSEA, we defined three major gene
set groups (GSGs) that contribute to outcome and prognosis in
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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
LAGS, FKBP5, PD-L1 (CD274), and CXCL12) and stromal markers
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 the window phase. This induction was 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-
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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 (o < 0.0001), EF2 targets (p < 0.0001), and cell cycle
(p < 0.0001) by durvalumab was also similar between the window
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 defined GSGs 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% ClI.
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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.
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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 STAR Methods 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.

role: they are induced by durvalumab, similar to the immune increased expression of immune genes (Figure 6D) or increased
genes. But—in contrast to the immune genes—they are linked expression of proliferation genes (Figure 6E). In both figures, the
to poor outcome with reduced pCR rate and reduced survival. stromal genes are inversely related to the immune or proliferation

Figures 6D and 6E summarize the alterations of the main  genes, with increased expression of stromal genes in non-re-
GSGs in the durvalumab and the placebo arm, sorted by sponding patients.
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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-
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notherapy resistance. The main 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 (whichis 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,®®" and also with emerging
preclinical and clinical evidence in breast cancer.””**> 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.”-?">*
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

Figure 7. Validation in three independent cohorts

MEDI4736 (neoadjuvant durvalumab therapy), BrighTNess (neoadjuvant non-durvalumab therapy), and SCAN-B (survival data with non-immune therapy).

(A and B) Stromal, proliferation, and immune genes for pCR in the two treatment arms of the GeparNuevo dataset (A) and the combined MEDI4736 and
BrighTNess dataset (B). Similar distribution of the three main gene groups (stromal, immune, and proliferation) if the MEDI4736 (C) or BrighTNess (D) were
combined with the SCAN-B cohort to cover the survival endpoint. In the GeparNuevo durvalumab arm as well as the MEDI4736 cohort, the combination of stromal
and immune gene signatures (E, F) as well as proliferation and immune signatures (G, H) defined patient groups with similar pCR rates in both cohorts.
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malignant melanoma®®?® and other malignancies,””*® 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 collagen®® and has been described
as a negative prognostic marker in gastric cancer.*® In addi-
tion, it has been shown that PCOLCE is relevant for lumen for-
mation in angiogenesis.®>' 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 angiogenesis®” and to induce the dif-
ferentiation of monocytes into immunosuppressive tumor-asso-
ciated macrophages (TAMs).*® 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 as well 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-
mors®**> and for tumor progression and generation of an im-
mune-suppressive microenvironment in breast cancer.*¢°
Based on our results, a model of adaptation of the microenviron-
ment to immune checkpoint inhibitor therapy is emerging that
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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.’>*" In particular, bispecific antibodies targeting the im-
mune system as well as angiogenesis*~** might 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.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Tumor biopsies and data from the Loibl et al."” NCT02685059
neoadjuvant GeparNuevo trial

Tissue microarray from GeparNuevo core GBG biobank at Institute of Pathology, NCT02685059
biopsies Philipps University Marburg

Data generated from tumor biopsies from Blenman et al.'® NCT02489448
the neoadjuvant MEDI4736 trial

Data generated from tumor biopsies from Filho et al.™® NCT02032277
the BrighTNess trial

Data generated from tumor bioosies from Brueffer et al.*® NCT02306096

the Sweden Cancerome Analysis Network-
Breast (SCAN-B) population-based cohort

Critical commercial assays

Oncology Biomarker mRNA Panel, ILM Kit, HTG Molecular Diagnostics, Tucson, 916-002-096

1x96 Arizona, US

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.*® https://www.gsea-msigdb.org/gsea/

downloads.jsp

The Molecular Signatures Database Liberzon et al.™® https://www.gsea-msigdb.org/gsea/

(MSigbB 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/m? body surface area (BSA) weekly for 12 weeks, followed by durvalumab vs. placebo every 4 weeks plus epirubicin
90 mg/m? BSA/cyclophosphamide 600 mg/m? 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 Data Monitoring 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.'®
RNA-Seq data from BrighTNess was available for 482 patients.’” For additional validations regarding survival, RNA-Seq data
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of 326 TNBC samples from the Sweden Cancerome Analysis Network-Breast (SCAN-B; NCT02306096) population-based cohort
was used.*”*°

METHOD DETAILS

Endpoints

Pathological complete response (pCR) was defined as no invasive and no non-invasive residuals in breast and lymph nodes (ypT0/ypNO).
Distant disease-free survival (DDFS) was defined as time in months from randomization until any distant recurrence, any secondary ma-
lignancy or death due to any cause, whichever occurred first.*® 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, HTG Molecular Diagnostics, Tucson, Arizona, US) was used, as described before.*® 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.

The HTG EdgeSeq Oncology Biomarker Panel measures the expression of 2549 genes related to tumor biology. For quality control,
we transformed the reads to counts permillion (CPM)°° and calculated the mean of four negative and four positive internal controls for
each sample. We repeated processing for a sample if the mean of its positive controls was below two standard deviations (SDs) of the
grand mean across all samples or if the mean of its negative controls were above two SDs from the grand mean.*” 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 CPM method 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
Database'® 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 GSEA was performed with the GSEAPreranked analysis of the GSEA software, version 4.2.3%° by using a rank metric 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 are more likely upregulated in patients with a pCR resp. with a longer survival, negative values to genes that are more 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
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included, for the stromal GSG, all genes negatively predictive for pCR (OR<1 and p < 0.05). The signature scores were calculated as
unweighted mean of the scaled log, values of the respective genes, and zero was 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 o = 0.05. Confidence intervals (Cl) 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.
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