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ABSTRACT
◥

Purpose: Tumor microenvironment (TME) immune markers
have been correlatedwith both response to neoadjuvant therapy and
prognosis in patients with breast cancer. Here, immune-cell activity
of breast cancer tumors was inferred by expression-based analysis to
determine if it is prognostic and/or predictive of response to
neoadjuvant paclitaxel-based therapy in the GeparSepto (G7) trial
(NCT01583426).

Experimental Design: Pre-study biopsies from 279 patients with
HER2-negative breast cancer in the G7 trial underwent RNA-seq-
based profiling of 104 immune-cell-specific genes to assess inferred
Immune Cell Activity (iICA) of 23 immune-cell types. Hierarchical
clustering was used to classify tumors as iICA “hot,” “warm,” or
“cold” by comparison of iICA in the G7 cohort relative to that of
1,467 samples from a tumor database established by Nantomics
LLC. Correlations between iICA cluster, pathology-assessed

tumor-infiltrating lymphocytes (TIL), and hormone receptor (HR)
status for pathologic complete response (pCR), disease-free survival
(DFS), and overall survival (OS) were determined.

Results: iICA cluster correlated with TIL levels. The highest
pCR rates were observed in hot cluster tumors, and those with
relatively higher TILs. Greater inferred activity of several T-cell
types was significantly associated with pCR and survival. DFS
and OS were prolonged in patients with hot or warm cluster
tumors, the latter particularly for HR negative tumors, even if
TILs were relatively low.

Conclusions: Overall, TIL level better predicted pCR, but iICA
cluster better predicted survival. Differences in associations between
TILs, cluster, pCR, and survival were observed for HR-positive
tumors versus HR-negative tumors, suggesting expanded study of
the implication of these findings is warranted.

Introduction
Immunosurveillance suppression, evasion, and/or avoidance have

emerged as key targetable hallmarks of cancer that are driven, in part,
by checkpoint expression, T-cell exhaustion, and an immunosup-
pressive tumor microenvironment (TME; ref. 1). Many of these
processes generate defined combinations of immune-cell infiltrates
at the tumor site that can be detected by pathology, IHC, CyTOF, or
inferred from gene-expression deconvolution (2).

As described previously (3–5), immune profiles that consider
tumor-infiltrating lymphocytes (TIL) or lack thereof, as well as
expression of other immune cell activity-related genes in the TME,
are frequently referred to as either immunologically “hot” or “cold.”
Hot tumors show CD8þ (and other) T-cell infiltration and
secretion of chemokines as well as type 1 IFNg , whereas the TME
of cold tumors is surrounded by myeloid-derived suppressor cells
(MDSC) and T-regulatory cells (Treg) that dampen the immune
response (3, 4, 6).
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Baseline, pre-neoadjuvant therapy TME immune profiles com-
prising TIL level and gene expression—including immune-cell
activity inferred from transcriptome assessment—have been cor-
related with both prognosis in patients with breast cancer and
response to chemo- or immune-based therapy (7–20). In a com-
prehensive analysis, Denkert and colleagues (7) assessed correlation
of TILs with chemotherapy response and prognosis in patients from
six clinical trials for breast cancer that included triple-negative,
HER2-positive, and luminal-HER2-negative breast cancer; and
found that the percentage of HER2-negative patients with a path-
ologic complete response (pCR) increased with an increasing TIL
level in response to therapy, but did not find a survival benefit for
that subset.

Herein, we investigated the hypothesis that RNA-seq-based
inferred Immune Cell Activity (iICA) of breast cancer, comprising
both the assessment of relative individual immune-cell activity
and clustering of tumors as hot, warm, or cold based on those
activities, is predictive of pCR and/or survival in the neoadjuvant
GeparSepto (G7) trial (NCT01583426) wherein paclitaxel and
nab-paclitaxel therapy were compared (21–24). Paclitaxel has been
reported to lead to the induction of TILs (25) and in some cases,
suppression of Tregs (14, 26), therefore the relationship between
tumor immune profile and response to paclitaxel treatment is of
particular interest.

In metastatic breast cancer, solvent-free albumin-encapsulated
nab-paclitaxel has been shown to significantly increase progres-
sion-free survival (PFS) compared with solvent-based paclitax-
el (22) and is associated with lower toxicity (27, 28). The G7
phase III randomized trial assessed whether weekly nab-
paclitaxel could increase the proportion of patients achieving
pCR compared with weekly solvent-based paclitaxel (21), both
followed by epirubicin plus cyclophosphamide as neoadjuvant
treatment (29) as recommended by the national guidelines of the
AGO-Breast commission (30).

As part of the G7 trial design, biopsies were taken at enrollment
before treatment, providing the samples needed to perform RNA-seq-
based iICA. In this study, samples from HER2-negative patients
underwent the analyses described above.

Experimental Design
Patients and treatment

The G7 trial, “Nanoparticle-based Paclitaxel vs. Solvent-based
Paclitaxel as Part of Neoadjuvant Chemotherapy for Early Breast
Cancer (GeparSepto/NCT01583426),” was a two-arm randomized
phase III trial comparing neoadjuvant nab-paclitaxel to solvent-
based paclitaxel followed by standard chemotherapy combination of
epirubicin and cyclophosphamide in patients with high-risk early-
stage breast cancer (21–24). An overview of the trial is shown in
Supplementary Fig. S1. Patients were recruited in multiple study sites
in Germany. The study was approved by all respective ethic commit-
tees (Leading Ethics Committee was in the State of Berlin; 12/0002- ZS
EK 13) and all patients gave a written informed consent. The study was
conducted in accordance with the Declaration of Helsinki.

Enrolled patients had previously untreated unilateral or bilateral
primary invasive breast cancer and were randomly assigned in a 1:1
ratio using dynamic allocation and Pocock minimization by breast
cancer subtype, as well as Ki-67 and SPARC expression. Patients
were treated for 12 weeks with either intravenous nab-paclitaxel
150 mg/m2 (after study amendment, 125 mg/m2) on days 1, 8, and
15 for four 3-week cycles; or solvent-based intravenous paclitaxel
80 mg/m2 on days 1, 8, and 15 for four 3-week cycles. Taxane
treatment was followed in both groups by intravenous epirubicin
90 mg/m2 plus intravenous cyclophosphamide 600 mg/m2 on day 1
for four 3-week cycles.

A total of 1,206 patients received treatment (606 nab-paclitaxel, 600
solvent-based paclitaxel) in the G7 trial; 810 of them were HER2-
negative (Supplementary Table S1).

Pathology and survival assessment
For all patients in the study, breast cancer and hormone receptor

(HR; estrogen receptor, ER; progesterone receptor, PR), HER2, Ki-67,
and SPARC status were confirmed by central pathology review on core
biopsies. In case of bilateral cancer, the investigator decided prospec-
tively which side was to be evaluated for the primary endpoint and the
analysis herein, and for patients with multifocal or multicentric breast
cancer, the largest lesion was used. Patients were in disease stage cT2-
cT4 or cT1c and at least one of the following high-risk conditions:
clinical node positive (cNþ), non-sentinel lymph node positive
(NSLNþ) ER-negative, PR-negative, Ki-67 > 20%, or HER2-positive.

IHC-based ER/PR-positive is defined as >1% stained cells and
HER2-positive is defined as IHC 3þ or ISH ratio ≥2.0.

Response to treatment included pCR, as assessed by central pathol-
ogy review. Disease-free survival (DFS) and overall survival (OS) were
also assessed in the G7 trial as part of the design.

RNA-seq-based immune-cell activity assessment
For this study, a retrospective-prospective analysis of the subset of

279 HER2-negative patients in the G7 trial from whom adequate
baseline pre-study FFPE biopsy tissue was available for analysis was
performed using deep, whole-transcriptome RNA-seq [�200� 10 (6)
reads per tumor] as described previously in Newton and colleagues
wherein quality metrics are presented (31).

Immune activity of G7 HER2-negative tumors was inferred by
comparison of expression activity associated with 23 immune-cell
types at ImmunityBio Inc. using 104 immune-cell specific genes
(Supplementary Table S2) described by Bindea and colleagues (2) to
those from a reference population of 1,467 similarly-profiled tumor
samples (Supplementary Fig. S2) comprising a wide range of tissue
types from a large tumor database (Nantomics, LLC; Supplementary

Translational Relevance

Tumor immune profiling, including assessment of tumor-
infiltrating lymphocytes (TIL) and expression-based analyses have
been reported to be prognostic and predictive of response to a
variety of neoadjuvant and immune-based therapies for several
cancer types. Here, we expanded such analysis to a subset of
patients with HER2-negative breast cancer in the GeparSepto
clinical trial wherein solvent-based paclitaxel therapy was com-
pared with nab (albumin)-paclitaxel by application of our devel-
oped method for inferred immune cell activity (iICA) assessment
and classification of tumors as hot, warm, or cold by hierarchical
clustering. Our multivariate analyses of iICA of 23 immune cell
types and cluster was found to be independently prognostic,
reasonably predictive of response to therapy, and revealed differ-
ences in associations for hormone receptor-positive versus negative
tumors, suggesting iICA may provide important information for
clinical decision-making when paclitaxel-based therapies are being
considered.
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Table S3; ref. 31). The method used for iICA analysis and hierarchical
clustering was developed in-house at Nantomics (32).

Additionally for each G7 patient, activity scores of the 23 immune-
cell types were categorized being above (high), within, or below (low)
one SD (1SD) of the mean of the reference population from the
database. These values are referred to as relative immune cell activity
categories.

Unsupervised clustering of the relative activities of immune cells as
described above was performed, and revealed three major clusters
(Fig. 1A) that were then designated as “hot,” “warm,” or “cold.” An
unsupervisedmethod is used for clustering because there is no target or
outcome variable and relationships between observations are
unknown (33). Three clusters was identified as optimal using the
elbow method on cluster silhouette coefficients. Each patient sample
was assigned an iICA cluster profile.

TIL scoring
Biopsies collected as part of the G7 study underwent pathology-

based TIL scoring, performed as described in Hendry and colleagues
and Salgado and colleagues (34, 35). The units for TILs are percentage
of area covered. TILs were analyzed as a continuous measurement and
dichotomized at the median to characterize tumors into one of two

groups of similar size—stromal TILs (sTIL) low (≤15%) or high
(>15%) and similarly, intratumoral TILs (iTIL) low (≤5%), or high
(>5%)—using a method similar to that reported in Denkert and
colleagues (7), but with a higher sTIL cutoff (≤15% rather than
≤10%), due to the absence of cases with sTILs between 10% and 15%.

HER2-negative G7 breast cancer analyses
Checkpoint expression

The expression level of checkpoint genes PDL1, CTLA4, PD1,
PDL2, LAG3, TIGIT, OX40, FOXP3, TIM3, and IDO were assessed
and relative levels in hot, warm, and cold iICA clusters determined.

H&E slide image-based TIL scoring versus CD8 T-cell inferred
activity

The correlation of relative immune cell activity score of CD8þ

T cells and iTILs as scored by standardized methods was determined.

Individual immune-cell activity score and other variables
Relative immune cell activity scores in G7 patients with breast

cancer in relation to their HR status (triple-negative vs. HR-positive),
grade (3 vs. 1–2), and Ki-67 status was also assessed.

Figure 1.

Unsupervised clustering of HER2-negative G7 patient iICA scores reveals three clusters with differential checkpoint expression. A, iICA based on relative expression
of immune activity-related genes of individual immune-cell subpopulations as comparedwith breast cancer tumors from theNantomics tumor databasewas used to
cluster tumor immune signature as cold (blue), hot (red), or warm (yellow). Immune cell types are grouped as part of the innate or adaptive immune response.B, The
proportion ofG7HER2-negative tumorswith relative immune scores that are high (1SD above themean; red),medium (within 1SDof themean; grey), or low (less than
�1SD of the mean; blue) compared with the reference breast cancer tumors are shown. C, Checkpoint gene expression in cold, warm, or hot clusters is shown.
Statistics performed using two-sampleWilcoxon tests; differences in checkpoint expression between clusters were significant (P < 0.0001) for all checkpoint genes
with the exception of IDO.

Immune Cell Activity and Therapeutic Response in HER2-Positive Breast Cancer
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Survival
OS andDFSwere grouped by iICA clusters and graphed byKaplan–

Meiermethods for all HER2-negative patients and those that wereHR-
positive and HR-negative. Further subgroup clinical variable analyses
based on tumor stage, grade, receptor status, metastasis, Ki-67 status,
sTILs, iTILs, and study arm (nab-paclitaxel, solvent-based paclitaxel)
were also performed.

iICA and pCR: The probability of pCR as determined in the G7
study was analyzed by iICA cluster (hot, warm, cold) and by relative
individual immune cell activity scores.

Statistical considerations
Pairwise comparisons of checkpoint gene expression between clus-

ters were performed using two-sample Wilcoxon tests, and compar-
isons of all three cluster categories were performed by aKruskal–Wallis
tests.

Prognostication of endpoint pCR defined as ypT0/ypN0 was per-
formed by logistic regression models; prognostication of endpoints
DFS and OS was performed by Cox regression. Each regression model
contained additional covariables age (continuous), tumor size (T1–
2 vs. T3–4), nodal status (N0 vs. Nþ), HR (TNBC vs. positive), Ki-67
(continuous), and treatment arm (nab-paclitaxel vs. solvent-based
paclitaxel). OR (for pCR) and hazard ratios (HR, for DFS andOS) with
95% confidence intervals and corresponding Wald P values are
reported for immune activity variables and iICA clusters (but not for
the covariables).

Tests for interactions between a clinical variable and the iICA cluster
were performed by adding the respective terms to the regression
model; only interaction P values are reported from these models.

Other statistical methods used for comparisons of iICA of 23
immune cell types, iICA cluster, sTILs, and/or HR status for DFS,
OS, or pCR are described in Results.

Availability of data and material
The GeparSepto study protocol, statistical report, and individual

participant data are available upon reasonable request to the GBG
scientific board http://www.gbg.de/de/forshung/translationale-for
shung.php. The iICA data are available upon reasonable request to
info@nantomics.com.

The gene expression data files are accessible via the Sequence Read
Archive (SRA): https://www.ncbi.nlm.nih.gov/sra?term¼PRJNA944217

Results
Patient characteristics

Demographics and patient tumor status (grade, receptor expres-
sion, etc.) are shown in SupplementaryTable S1.Of the 279 patients, 67
had a pCR (24%); this was similar to the total G7 HER2-negative
population pCR rate (22%) that included patients for whom sufficient
baseline biopsy tissue was not available for analysis and those whose
samples failed RNA-seq QC criteria. In the analyzed subset, 73.5%
were also HR-positive whereas in the total HER2-negative population,
it was 65.9%.

G7 HER2-negative BC patient iICA hot, warm, and cold clusters
The hot, warm and cold clusters (n¼ 58, 121, and 100, respectively)

established from G7 HER2-negative BC patient biopsy iICA
data (36, 37) are shown in Fig. 1A. In the cold cluster, adaptive
immune cell types such as natural killer (NK) CD56 dim and CD8þ
T cells were inferred to be inactive/low activity while Th2 and Treg
activity was present. In the hot cluster, adaptive immune-cell activity is

higher than that in thewarm cluster, particularly forNK cells, activated
DCs (aDCs), and almost all T-cell types, including Tregs. While Th2
activity is increased in the cluster, Th1 activity shows a distinct increase
as well, resulting in a relatively higher Th1/Th2 ratio (Supplementary
Fig. S3). Warm is distinguished by having lower NK, DC, B-cell and
anti-tumor T-cell activity than the hot cluster (but not as low as the
cold cluster) andwhile there is an increase in Treg andTh2 activity, it is
not seenwith the same level of increase inTh1 activity as seen in the hot
cluster.

The proportion of patients with a high, medium, or low relative
immune cell activity score for each of the 23 cell types is shown
in Fig. 1B. The cell types for which the greatest proportion of the G7
HER2-negative breast cancer cohort were assessed to have high
activity were NK cells (71.0%) and Tregs (70.3%). Stimulatory T-cell
signatures were high in approximately half of the G7 HER2-
negative cohort including Th2 cells (53.0%), effector-memory
(Tem; 53.0%), T follicular helper (TFH) cells (51.3%), Th1 cells
(40.9%), and g-delta T cells (Tgd; 38.7%). Although cytotoxic CD8þ

T-cell signature was high in only 19.0% of the cohort, the signature
for the CD56dim cytolytic subset of NK cells was high in 48.0% of
patients. Innate immune-response cell types with high activity
comprised the smallest proportion of the cohort and included mast
cells (7.5%), macrophages (10.8%), iDCs (11.5%), and neutrophils
(11.8%).

The expression of immune checkpoint genes was greatest in the hot
cluster, lowest in the cold cluster, and intermediate in thewarm cluster;
differences between clusters were highly significant, with the exception
of IDO (Fig. 1C; Supplementary Table S4).

Correlation between iICA and TIL scoring
RNA-seq-based deconvolution of immune-cell activity was corrob-

orated byTIL scoring usingH&E stained tissue biopsy sections (38). As
shown in Fig. 2A and B, levels of both stromal TILs (sTIL) and
intratumoral TILs (iTIL) as determined by conventional scoring are
lowest in the cold cluster, intermediate in thewarm cluster, and highest
in the hot cluster (Fig. 2B).

The iICA score of CD8þT cells specifically correlates with iTIL level
(Fig. 2C). CD56dimNK and Th1 cells were alsomoderately correlated
with the percentage of iTILs, with Spearman correlation coefficients of
0.461 and 0.525, respectively.

Immune-cell activity associated with HR status, grade, and
Ki-67 expression

Of the 279HER2-negative patients, 74 were triple negative (TNBC),
that is, HR-negative as well as HER2-negative, and 205 were HR-
positive (Supplementary Table S1). In TNBC, the inferred activities of
Th1, Tregs, NK CD56dim cells, dendritic cells (DC), aDCs, and
macrophages were significantly higher as compared with HR-
positive tumors; whereas in HR-positive breast cancer in the cohort,
inferred activities of Th2 andNKCD56bright were significantly higher
(Supplementary Fig. S4A). When grade 3 tumors (n ¼ 162) were
compared with grade 1 to 2 tumors (n¼ 117), B cells, Th1, Tregs, NK
CD56dim cells, and aDCs were significantly higher. In grade 1 to
2 tumors, Th2, T helper type 17 (Th17) cells, mast cells, and NK
CD56bright cells were significantly higher compared with grade
3 (Supplementary Fig. S4B). There were many positive correlations
to Ki-67 expression, including B cells, T cells, helper T cells, Th1, TFH,
Tregs, CD8þ T cells, NK CD56dim cells, DCs, aDCs, and macro-
phages; Th2, Th17, NK CD56bright cells, eosinophils, iDCs, plasma-
cytoid DCs (pDC), and mast cells were negatively correlated with
Ki-67 expression (Supplementary Fig. S4C).
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Individual iICA score and pCR rate
Higher inferred activities of B cells, CD8þ T cells, DCs, Th cells,

macrophages, natural killer (NK) CD56dim cells, T cells, Th1 cells,
Tregs, aDCs, and TFH cells were found to be closely correlated with
pCR (Supplementary Fig. S5). Inferred increases in NK, neutrophil, T
central memory (Tcm), T effector memory (Tem), and T gamma delta
(Tgd) activities were also associated with pCR. Decreased inferred
eosinophil, Th2, and NK CD56bright cell activity was associated with
pCR. Only inferred mast cell, Th17, iDC, and pDC activities were not
associated with pCR.

Additional analyses of the correlation of specific immune cell
inferred activity and pCR were performed. Of the 23 immune-cell
types, higher TFH cell inferred activity was most closely corre-
lated with a higher pCR rate (Supplementary Fig. S6A). Inferred
TFH activity was also associated with OS and DFS (Supplemen-
tary Fig. S6B), with multivariable Cox regression analysis show-
ing a highly significant association. In similar multivariate anal-
yses, B cells, CD8þ T cells, helper T cells, mast cells, T cells, Tgd,
Th1, and Th2 (all HRs <1 and P values <0.05) also predicted DFS
and OS.

Patients in the hot cluster have the highest pCR rate
The pCR rate for cold, warm, and hot cluster G7 HER2-negative

patients was 13.0%, 21.5%, and 48.3%, respectively (Fig. 3A; Supple-
mentary Table S5). The pCR rate was also highest for the hot cluster for
both HR-positive and -negative patients, although the differences
among clusters were less for the HR-negative group (Supplementary
Table S5). This may have been due to iICA cluster having a lesser
influence in HR-negative patients.

For pCR, there were no statistically (Fisher exact test) significant
differences between the cold and warm iICA clusters regardless of HR
status (Supplementary Table S6), but the difference between the cold
and hot clusters was highly significant for all patients, driven by the
HR-positive.

pCR, cluster, sTILs, and HR status
As shown in Fig. 3A, most patient biopsies in the cold cluster had

≤15% sTILs and those in the warm and hot clusters had >15% sTILs.
The highest percentage of patients with a pCR was observed in the hot
cluster with >15% sTILs.

Overall, a higher pCR rate of 50.0% was achieved in HR-negative
(neg) versus 14.6% in HR-positive (pos) patients (Fig. 3B and C;
Supplementary Table S7). The pCR rates in HR-negative patients with
sTILs ≤15% or >15% were 35.0% or 55.6%, respectively. Within the
HR-positive patients those with sTILs >15% had a higher pCR rate
compared with sTILs ≤15% (23.5% vs. 5.8%).

iICA cluster independently predicts DFS in subgroups
Multivariable Cox regression models were calculated in subgroups

by known clinical prognostic factors (Fig. 4). No significant interac-
tion between the cluster and a clinical factor with respect to DFS was
found; the HRs for the cluster do not differ significantly in subgroups.
For this binary analysis, the hot and warm clusters were considered
together versus the cold cluster.

Subjects in distinct immune clusters have differential survival
Subjects clustered as immune warm had prolonged DFS

compared with the cold cluster, and there was a trend toward
prolonged DFS in the hot as compared with the cold cluster
(Fig. 5A). DFS for HR-positive patients (Fig. 5B) was similar to
that for all patients, but for HR-negative patients the hot cluster
was intermediate between the warm and cold clusters (Fig. 5C)
but not significantly different based on log-rank tests (Supple-
mentary Table S8).

OS was prolonged in the warm and hot clusters as compared with
the cold cluster when all or HR pos patients were considered, whereas
OS in the hot cluster wasmore similar to that of the cold cluster forHR-
negetive patients (Fig. 5D–F, respectively).

Figure 2.

RNA-seq-based immune-cell deconvolution correlates with TIL scoring. The level of (A) sTILs and (B) iTILs as detected by pathology-based TIL scoring
correlates with iICA cluster, with TIL numbers being greater in the warm than the cold cluster, and highest in the hot cluster. Statistics performed using two-
sample Wilcoxon test, where ����P < 0.0001 and �P ≤ 0.05 (�P-value shown); cold n ¼ 100, warm n ¼ 121, and hot n ¼ 58. C, Comparison of inferred CD8þ

activity score (y-axis) and iTILs (x-axis) also reveals a highly significant correlation (P < 0.001) and a Spearman correlation coefficient of 0.415. The gray line
represents a linear regression model.
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Survival, cluster, sTILs, and iTILs
As shown in Fig. 6A and B, prolonged DFS was observed for

patients in the warm cluster with sTILs ≤15% and/or iTILs ≤5%,
followed by patients in the hot cluster with sTILs >15% and/or iTILs
>5%. The shortest duration of DFS was observed for cold cluster
patients with sTILs either > or ≤15% and iTILs ≤5%. Although it
appears that duration of DFS was relatively short for hot cluster
patients with sTILs ≤15% and iTILs ≤5%, there were very few of
these patients.

The findings for OS (Fig. 6C andD) were similar, with warm cluster
patients with sTILs ≤15% and iTILs ≤5% having prolonged OS, and
cold cluster patients with sTILs ≤15% and iTILs ≤5% having relatively
shorter OS.

Discussion
The findings of this study provide evidence that whole-

transcriptome sequencing in breast cancer FFPE core biopsies from
clinical cohorts used to quantify relative activity of immune cell types
can be used in conjunction with conventional pathology-based TIL
scoring to predict response to and prognosis after neoadjuvant taxane
chemotherapy in early HER2-negative high-risk breast cancer.

The iICA method used was established in-house at Nantomics. To
make the relative immune activity meaningful and unbiased, the
reference population not only comprised a high number of cases
(1,467) but a very broad range of cancer tissue types (Supplementary
Table S3). With further development and more widespread

Figure 3.

pCR, iICA cluster, sTILs, and HR status. The percentage of patients with a pCR is shown for all, sTILs ≤15% and >15% for (A) cold (blue), warm (green) and hot (red)
clusters and by HR status (B) positive (pos) and (C) negative (neg). The C applies to A and B; total patient numbers for each group are shown at the bottom of each
bar.

Figure 4.

Inferred immune cell activity clus-
ters independently predict DFS.Mul-
tivariable Cox regression models for
DFS in subgroups by other prognos-
tic factors such as stage (T), metas-
tasis/nodal status (N), HR status,
grading (G1–G2, G3), Ki-67 expres-
sion by IHC, sTILs/iTILs by scoring,
and arm of the study (nab-paclitaxel
vs. solvent-based paclitaxel).
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application, it may be desirable for a standard reference database be
established for use by investigators so that the designations of cold,
warm, or hot (or even additional clusters, asmore is revealed about this
method) can be standardized across studies.

Tomore efficiently assess iICA, themethodmay be refined by use of
a panel of 104 genes and NGS. Conversely, the analysis may be
expanded to consider the iICA profile along with expression of genes
not identified to be directly implicated in the activity of the 23 immune
cell types described here. Although this might be considered broad
RNA-seq-based tumor characterization, it might be informative in the
case of (for example) patients who are immune hot/relatively highTILs
who did not respond to therapy to identify factors beyond iICA that
alter outcomes.

In the iICA clusters described herein, thewarm cluster should not be
considered as merely intermediate between hot and cold for the
activity of all or most immune-cell types. It is distinguished from the
cold cluster by its relatively higher NK and aDC activity, as well as—
generally—activity of most T-cell types. The activity of those cell types
is further increased in the hot cluster, but with a notable increase in
Treg and Th1 activity. The higher activity of Tregs in the hot cluster
may seem counter-intuitive if this cluster is considered the most
immune-active cluster, but co-upregulation of Tregs (and checkpoint
genes) in the presence of both an innate and adaptive immune
response may explain tumor immune escape. Higher checkpoint
expression in an apparently immune-active environment also supports
the greater efficacy of immune-based therapy such as PDL-1 inhibitors

in patients with hot tumors with high tumorTIL scores—immune cells
are ready to exert their antitumor effects when the checkpoint mol-
ecule is inhibited.

iICA hot tumors also display greater Th1 activity, which likely
results in a Th1/Th2 ratio that is favorable, even in the presence of high
Th2 activity (Supplementary Fig. S3).

In the cohorts analyzed herein, there was a lesser association of
cluster and sTIL level on the pCR rate in HR-negative tumors; patients
in the warm cluster with HR-negative tumors had relatively prolonged
survival (although the difference from the hot cluster was not statis-
tically significant). Although these data may be due to statistics not
being similarly powered in the HR-negative and -positive groups
(patient numbers in the HR neg groups were lower), we propose that
the higher Treg activity in HR-negative iICA hot cluster tumors
resulted in an insignificant difference in the pCR rate as compared
with warm cluster tumors and survival that was apparently prolonged
in the warm cluster. Such as association in HR-negative breast cancer
has previously been reported by Oshi and colleagues (39), who
observed a lower response to therapy for high Treg TNBC tumors.
Further investigation, including analyses of other cohorts, is necessary
to confirm this finding.

iICA profiling has the potential to provide richer and more
detailed information on the immune character of tumors than TIL
scoring alone. With further development and broader use for analysis
of other tumor types and therapies, this method may emerge as an
important tool to inform therapeutic decision-making and reveal the

Figure 5.

Warm and hot clusters have prolonged DFS and OS. DFS for (A) all, (B) HR-positive, and (C) HR negative patients clustered as immune hot (red), warm (green), or
cold (blue) is shown. OS for (D) all, (E) HR positive, and (F) HR-negative patients clustered as described inA is shown. Statistical analysis performed using a log-rank
test to compare the cold cluster to warm or hot clusters where P values ≤0.1 (trend) are shown, �P ≤ 0.05, ��P < 0.01 (additional P values are listed in Supplementary
Table S8). The color code for statistics in A applies to all panels; no significant differences were observed between the warm and hot clusters.
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immunobiology of tumors that affects response to therapy and
survival.
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Supplementary Figures 
 
Figure S1. Design of the G7 trial. G7 was a two-arm trial comparing solvent-based paclitaxel 
(Arm A, light blue) to nab-paclitaxel (Arm B, dark blue) in 1206 early high-risk breast cancer 
(BC) patients. A core needle biopsy (CNB, triangle) was used to confirm diagnosis before entry 
into the trial (far left). Patients were assessed for HER2, Ki67, and SPARC status, and those 
that were HER2+ received trastuzumab (yellow) and pertuzumab (green) concurrently with 
taxane therapy. Post -paclitaxel or -nab-paclitaxel treatment, all patients received epirubicin 
(red) plus cyclophosphamide (gray) before surgery. Optional CNBs were performed as 
indicated. Post-surgery, patients received continued therapy appropriate to their biomarker 
status following the German AGO guidelines. RNAseq analyses were only performed for HER2- 
patients. 
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Figure S2. Immune cell deconvolution. Expression of 104 genes (see Supplementary Table 
S2) specific to 23 immune cell subpopulations were used to create reference geneset 
distributions using 1467 tumor samples of a variety of tumor types from the Nantomics 
database. 
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Figure S3. Th1/Th2 ratio in cold, warm and hot clusters. The ratios of T helper cell type 1 (Th1) 
to Th2 are shown for the cold, warm and hot cluster patients. To generate the ratios, z-scores 
were adjusted to give a minimum value of 0 (+0.0001). 
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Figure S4. Immune subpopulations and clinical co-variates. Activities (upper) and significance 
(lower) in are shown for receptor status; grade; and Ki67 status. (A) Of the 279 HER2- patients, 
74 were triple negative breast cancer (TNBC; grey) and 205 were hormone receptor positive 
(HR+; pink). (B) Activities were also compared for grade 1-2 tumors (n = 117; grey) and grade 3 
tumors (n = 162; pink). In significance plots for A and B; color indicates strength and direction of 
association (increase). (C) Immune-cell activity and Ki67 status (percentage of stained cells) 
was also assessed. Purple indicates relatively higher Ki67 expression, grey relatively lower. For 
A, B, and C, the lower ‘significance’ panel is for increases of relative expression. Significance p-
values were limited to 0.0001. 
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Figure S5. Immune-cell correlation with pathologic complete response. The significance of 
increased inferred immune activity of 23 immune cells types and pCR is shown. Statistics 
performed using a two-tailed Wilcoxon rank-sum test where *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 
0.001. pCR – pathologic complete response. 
 


 
 
 
 
 
 
 
Figure S6. T follicular helper cell, pathologic complete response and survival. (A) Ninety-seven 
patients with no pathologic complete response (pCR) had a high T follicular helper (TFH) cell 
score, but 46 patients with a high TFH score had a pCR. A low/normal TFH score was 
associated with the lack of a pCR (115 patients) and only 21 patients with a low/normal TFH 
score had a pCR. TFH predicts pCR: p = 0.0012 (Fishers exact test). (B) Results for the 
continuous TFH score from multivariable regression models: odds ratio for pCR and hazard 
ratios for DFS and OS with corresponding Wald p-value. 
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Supplementary Tables 
 
Table S1. Demographics and tumor status of analyzed cohort. 
 


Demographics & Tumor Characteristics of Analyzed Subset 


Parameter Category Analyzed samples 


N   279 


Age (years)   mean: 49,          range: 22-76  


T-stage 


T1 92 (33.2%) 


T2 155 (56.0%) 


T3 17 (6.1%) 


T4 13 (4.7%) 


Missing 2 


Nodal status 


No 181 (65.6%) 


N+ 95 (34.4%) 


Missing 3 


Grade 
G1-2 117 (41.9%) 


G3 162 (58.1%) 


Receptor 
status 


ER+ 192 (68.8%) 


PR+ 165 (59.1%) 


HR+ 205 (73%) 


HR- 74 (27%) 


HER2+ 0 (0.0%) 


Ki67 (%)   mean: 45, range: 1-95 


Histotype 


Ductal 233 (83.5%) 


Lobular 13 (4.7%) 


Other 33 (11.8%) 


Arm 
Paclitaxel 137 (49.1%) 


Nab-paclitaxel 142 (50.9%) 


  All G7 HER2- G7 HER2- Analyzed Subset 


N# 810 279 


HR+ 65.9% 73.5% 


pCR  22% 24% 


pCR - pathologic Complete Response; G7 GeparSepto;                                   
HR - hormone receptor positive; + positive; - negative 
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Table S2. Immune cells genes used for inferred immune cell activity scores. 
 


Immune function Category   Cell types Genes 


Adaptive Immune 
Response 


B cells   B cells 


BLK 
CD19 


HLA-D08 
MS4A2 


TNFRSF17 


T cells 


 


T cell 


CD2 
CD3E 
CD3G 
CD6 


Helper T cells 


ANP32B 
BATF 


NUP107 
CD28 
ICOS 


Th1 


CD38 
CSF2 
IFNG 


IL12RB2 
LTA 


STAT4 
TBX21 
CTLA4 


Th2 


CXCR6 
GATA3 


IL26 
LAIR2 
PMCH 
SMAD2 
STAT6 


Th17 
IL17A 


IL17RA 
RORC 


TFH 


BCL6 
CXCL13 


MAF 
PDCD1 


  Treg FOXP3 


Memory T cells 


Tcm 


ATM 
DOCK9 
NEFL 


REPS1 
USP9Y 


Tem 


AKT3 
CCR2 


EWSR1 
LTK 


NFATC4 


Cytotoxic T cells CD8 T cell 


CD8A 
CD8B 


FLT3LG 
GZMM 
PRF1 


gd cells Tgd 
CD160 
FEZ1 
TARP 


Cytotoxic cells Natural killer (NK) 
cells 


  


NK cells 


BCL2 
FUT5 
NCR1 


2NF205 


NK CD56 bright cell FOXJ1 
MPPED1 
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PLA2G6 
RRAD 


NK CD56 dim cell 
GTF3C1 
GZMB 
IL21R 


Other 


Dendritic cells 
Myeloid DCs 


Dendritic (DC) cell 


CCL13 
CCL17 
CCL22 
CD209 


HSD1181 


iDC 


CD1A 
CD1B 
CD1E 
F13A1 
SYT17 


aDC 


CCL1 
EB13 
IDO1 


LAMP3 
OAS3 


 pDC IL3RA 


Macrophages 


  


M1/M2 


APOE 
CCL7 
CD68 
CHIT1 
CXCL5 
MARCO 
MSR1 


Granulocytes 


  


Mast cell 


CMA1 
CTSG 


KIT 
MS4A2 
PRG2 


TPSAB1 


  
Neutrophils 


CSF3R 
FPR2 
MME 


  


Eosinophils 


CCR3 
ILSRA 


PTGDR2 
SMPD3 
THBS1 
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Table S3. Tissue types of the 1467 reference biopsies (Nantomics, LLC database). Biopsies 
were collected pre-treatment. 
 


Cancer Tissue Types from the Nantomics Database (n = 1467) 
Tissue type n Tissue type n Tissue type n Tissue type n 


Breast 270 Esophageal 33 Thymic 11 Small intestine 2 
Colon 140 Head & Neck 32 Lymphoma 10 Myeloma 2 
Lung 112 Kidney 29 Skin (non-melanoma) 9 Urethral 1 


Bone/soft tissue 
(incl. sarcoma) 111 Oral/throat (incl. 


thyroid) 28 Renal, plevis & ureter 8 Penile 1 


Pancreatic 93 Liver 28 Mesothelioma 7 Leukemia 1 
Ovarian 77 Rectal 27 Adrenal 7 Ampula of Vater 1 


Brain 76 Uterine 22 Biliary tract 6     
Other 60 Unknown primary 22 Testicular 5     
None 48 Bladder 22 Anal 4     


Prostate 36 Soft tissue 20 Vaginal 3     
Gastric 34 Gall bladder 16 Bile Duct 3     


Melanoma 33 Cervical 15 Vulvar 2     


 
 
 
 
 
 
Table S4. Statistical analysis of checkpoint gene expression in clusters. Comparison of 
continuous expression values between clusters: pairwise by Wilcoxon test, overall by Kruskal-
Wallis test. 
 


Checkpoint Wilcoxon ranked sum, p value p value, Kruskal-Wallis 
Gene Protein Cold vs. Warm Cold vs. Hot Warm vs. Hot   


CD274 PDL1 1.28E-12 5.20E-22 1.24E-11 6.86E-27 
CTLA4 CTLA4 4.45E-22 1.94E-25 1.46E-19 1.50E-39 
PDCD1 PD1 7.00E-22 1.23E-24 9.93E-22 7.21E-40 


PDCD1LG2 PDL2 1.16E-09 1.64E-20 2.84E-10 4.04E-23 
LAG3 LAG3 2.72E-11 6.88E-23 4.22E-16 6.29E-29 
TIGIT TIGIT 1.47E-24 1.38E-25 5.36E-21 6.03E-42 


TNFRSF4 OX40 2.34E-09 2.01E-20 2.09E-13 1.39E-24 
FOXP3 FOXP3 7.49E-14 3.11E-23 1.68E-16 4.41E-31 


HAVCR2 TIM3 5.39E-05 4.41E-10 1.30E-05 6.64E-11 
IDO1 IDO 0.0502 0.0347 0.6100 0.06 
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Table S5. The pathologic complete response rate by cluster and hormone receptor status. 
 


Endpoint 
Hormone 
receptor 
status 


Clusters N # with 
pCR/Total pCR rate (95%CI) 


pCR 


All 
Cold 13/100 13.0 (7.1-21.2) 
Warm 26/121 21.5 (14.5-29.9) 
Hot 28/58 48.3 (35.0-61.8) 


Positive 


All 30/205 14.6 (10.1-20.2) 
Cold   5/78 6.4 (2.1-14.3) 
Warm 9/90 10.0 (4.7-18.1) 
Hot 16/37 43.2 (27.1-60.5) 


Negative 


All 37/74 50.0 (38.1-61.9) 
Cold 8/22 36.4 (17.2-59.3) 
Warm 17/31 54.8 (36.0-72.7) 
Hot 12/21 57.1 (43.0-78.2) 


pCR - pathologic complete response; CI - confidence interval 


 
 
 
 
 
Table S6. Comparison of pathologic complete response between clusters in subgroups by 
hormone receptor status. 
 


Test type Endpoint Clusters 
Hormone 
receptor 
status 


p value 


Fisher's 
exact test pCR 


Cold vs. 
Warm 


All 0.1127 
Positive 0.5772 
Negative 0.2651 


Cold vs. Hot 
All <.0001 


Positive <.0001 
Negative 0.2271 


pCR - pathologic complete response; cold, warm, hot – inferred immune cell 
activity cluster 
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Table S7. Pathologic complete response in subgroups by hormone receptor status and stromal 
tumor-infiltrating lymphocytes. 
 


Endpoint 
Hormone 
receptor 
status 


sTILs N # with 
pCR/Total pCR rate (95%CI) 


pCR 


All 
All 67/279 24.0 (19.1-29.5) 


≤ 15% 13/123 10.6 (5.7-17.4) 
> 15% 54/156 34.6 (27.2-42.6) 


Positive 
All 30/205 14.6 (10.1-20.2) 


≤ 15% 6/103 5.8 (2.2-12.2) 
> 15% 24/102 23.5 (15.7-33.0) 


Negative 
All 37/74 50.0 (38.1-61.9) 


≤ 15% 7/20 35.0 (15.4-59.2) 
> 15% 30/54 55.6 (41.4-69.1) 


pCR - pathologic complete response; CI - confidence interval; sTILs - stromal 
tumor-infiltrating lymphocytes  
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Table S8. Comparison of disease-free survival and overall survival between clusters in 
subgroups by hormone receptor status.  
 


Test type Endpoint 
Hormone 
receptor 
status 


Clusters p value 


log-rank 


DFS 


All 
Cold vs. Warm 0.0044 
Cold vs. Hot 0.0902 


Warm vs. Hot 0.5193 


Positive 
Cold vs. Warm 0.0680 
Cold vs. Hot 0.0913 


Warm vs. Hot 0.6820 


Negative 
Cold vs. Warm 0.0067 
Cold vs. Hot 0.3007 


Warm vs. Hot 0.1345 


OS 


All 
Cold vs. Warm 0.0065 
Cold vs. Hot 0.1050 


Warm vs. Hot 0.5495 


Positive 
Cold vs. Warm 0.0478 
Cold vs. Hot 0.1026 


Warm vs. Hot 0.8084 


Negative 
Cold vs. Warm 0.0403 
Cold vs. Hot 0.6257 


Warm vs. Hot 0.1113 
DFS - Disease-free survival; OS - Overall survival; cold, warm, hot – 


inferred immune cell activity cluster 
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Table S9. Statistical analysis of disease-free and overall survival by cluster and tumor-infiltrating 
lymphocytes. For each endpoint and each TILs variable a bivariable Cox regression model with 
interaction between the cluster and TILs was calculated. 
 


Endpoint, variable Comparison Subgroup hazard ratio (CI) p-value (Wald) 


DFS, sTILs 


Hot vs Warm   sTILs<=15 3.61 (0.42-30.98) 0.2416 
Hot vs Cold   sTILs<=15 0.88 (0.12-6.49) 0.8980 


Warm vs Cold   sTILs<=15 0.24 (0.09-0.63) 0.0039 
Hot vs Warm   sTILs>15 0.96 (0.42-2.19) 0.9260 
Hot vs Cold   sTILs>15 0.83 (0.30-2.28) 0.7124 


Warm vs Cold   sTILs>15 0.86 (0.33-2.26) 0.7588 
sTILs >15 vs <=15   Cold 0.56 (0.23-1.38) 0.2078 
sTILs >15 vs <=15   Warm 1.99 (0.71-5.59) 0.1903 
sTILs >15 vs <=15   Hot 0.53 (0.07-4.16) 0.5462 


DFS, iTILs 


Hot vs Warm   iTILs<=5 3.73 (1.22-11.41) 0.0212 
Hot vs Cold   iTILs<=5 1.02 (0.39-2.68) 0.9600 


Warm vs Cold   iTILs<=5 0.28 (0.12-0.61) 0.0015 
Hot vs Warm   iTILs>5 0.62 (0.23-1.71) 0.3584 
Hot vs Cold   iTILs>5 0.60 (0.19-1.87) 0.3795 


Warm vs Cold   iTILs>5 0.97 (0.35-2.66) 0.9486 
iTILs >5 vs <=5   Cold 0.56 (0.23-1.37) 0.2044 
iTILs >5 vs <=5   Warm 1.97 (0.78-5.00) 0.1521 
iTILs >5 vs <=5   Hot 0.33 (0.10-1.08) 0.0671 


OS, sTILs 


Hot vs Warm   sTILs<=15 9.62 (0.87-106.20) 0.0647 
Hot vs Cold   sTILs<=15 1.48 (0.20-11.15) 0.7026 


Warm vs Cold   sTILs<=15 0.15 (0.04-0.67) 0.0123 
Hot vs Warm   sTILs>15 0.89 (0.28-2.80) 0.8385 
Hot vs Cold   sTILs>15 0.80 (0.19-3.37) 0.7646 


Warm vs Cold   sTILs>15 0.91 (0.23-3.50) 0.8854 
sTILs >15 vs <=15   Cold 0.44 (0.13-1.49) 0.1842 
sTILs >15 vs <=15   Warm 2.56 (0.53-12.31) 0.2415 
sTILs >15 vs <=15   Hot 0.24 (0.03-2.02) 0.1878 


OS, iTILs 


Hot vs Warm   iTILs<=5 5.38 (1.08-26.66) 0.0395 
Hot vs Cold   iTILs<=5 0.91 (0.26-3.12) 0.8798 


Warm vs Cold   iTILs<=5 0.17 (0.05-0.58) 0.0047 
Hot vs Warm   iTILs>5 0.52 (0.13-2.08) 0.3552 
Hot vs Cold   iTILs>5 0.45 (0.10-2.03) 0.3000 


Warm vs Cold   iTILs>5 0.87 (0.25-3.09) 0.8305 
iTILs >5 vs <=5   Cold 0.61 (0.20-1.83) 0.3813 
iTILs >5 vs <=5   Warm 3.16 (0.79-12.62) 0.1042 
iTILs >5 vs <=5   Hot 0.31 (0.06-1.51) 0.1462 


DFS - Disease -free survival; OS - Overall survival; sTILs; stromal tumor-infiltrating lymphocytes; iTILs - intratumoral 
TILs; CI - confidence interval; Cold, warm, hot - inferred immune-cell activity cluster; % or 5 % 


 





