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IMPORTANCE Both tumor-infiltrating lymphocytes (TILs) assessment and immune-related
gene expression signatures by RNA profiling predict higher pathologic complete response
(pCR) and improved event-free survival (EFS) in patients with early-stage ERBB2/HER2-
positive breast cancer. However, whether these 2 measures of immune activation provide
similar or additive prognostic value is not known.

OBJECTIVE To examine the prognostic ability of TILs and immune-related gene expression
signatures, alone and in combination, to predict pCR and EFS in patients with early-stage
ERBB2/HER2-positive breast cancer treated in 2 clinical trials.

DESIGN, SETTING, AND PARTICIPANTS In this prognostic study, a correlative analysis was
performed on the Cancer and Leukemia Group B (CALGB) 40601 trial and the PAMELA
trial. In the CALGB 40601 trial, 305 patients were randomly assigned to weekly paclitaxel
with trastuzumab, lapatinib, or both for 16 weeks. The primary end point was pCR, with
a secondary end point of EFS. In the PAMELA trial, 151 patients received neoadjuvant
treatment with trastuzumab and lapatinib for 18 weeks. The primary end point was the
ability of the HER2-enriched subtype to predict pCR. The studies were conducted from
October 2013 to November 2015 (PAMELA) and from December 2008 to February 2012
(CALGB 40601). Data analyses were performed from June 1, 2020, to January 1, 2022.

MAIN OUTCOMES AND MEASURES Immune-related gene expression profiling by RNA
sequencing and TILs were assessed on 230 CALGB 40601 trial pretreatment tumors and
138 PAMELA trial pretreatment tumors. The association of these biomarkers with pCR
(CALGB 40601 and PAMELA) and EFS (CALGB 40601) was studied by logistic regression
and Cox analyses.

RESULTS The median age of the patients was 50 years (IQR, 42-50 years), and 305 (100%)
were women. Of 202 immune signatures tested, 166 (82.2%) were significantly correlated
with TILs. In both trials combined, TILs were significantly associated with pCR (odds ratio,
1.01; 95% CI, 1.01-1.02; P = .02). In addition to TILs, 36 immune signatures were significantly
associated with higher pCR rates. Seven of these signatures outperformed TILs for
predicting pCR, 6 of which were B-cell related. In a multivariable Cox model adjusted for
clinicopathologic factors, including PAM50 intrinsic tumor subtype, the immunoglobulin G
signature, but not TILs, was independently associated with EFS (immunoglobulin G
signature–adjusted hazard ratio, 0.63; 95% CI, 0.42-0.93; P = .02; TIL-adjusted hazard ratio,
1.00; 95% CI, 0.98-1.02; P = .99).

CONCLUSIONS AND RELEVANCE Results of this study suggest that multiple B-cell–related
signatures were more strongly associated with pCR and EFS than TILs, which largely
represent T cells. When both TILs and gene expression are available, the prognostic value
of immune-related signatures appears to be superior.
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D uring the last 2 decades, the outcome of patients with
early-stage ERBB2/HER2-positive breast cancer has
markedly improved owing to new treatment strate-

gies combining polychemotherapy and multiple ERBB2/HER2-
targeted drugs.1-10 However, it is increasingly evident that many
patients are overtreated by the recommended regimens,
whereas others still experience metastatic relapse. A primary
research focus in breast cancer is to better tailor treatments to
risk; to accomplish this, effective prognostic and predictive
biomarkers are needed.

Increasing evidence suggests that the activation of the host
immune system mediates the response to ERBB2/HER2-
targeted therapies in breast cancer.11 Currently, there are sev-
eral methods to assess intratumor immune activation. The
presence of tumor-infiltrating lymphocytes (TILs) in the he-
matoxylin-eosin–stained tumor slides is one of these meth-
ods, and an international working group has established stan-
dardized tools for measuring TILs.12 The percentage of TILs that
infiltrate the breast tumor is positively prognostic in patients
with early-stage ERBB2/HER2-positive breast cancer treated
with anti-ERBB2/HER2 therapies in multiple scenarios: in the
neoadjuvant and adjuvant setting, in the presence or absence
of chemotherapy, with single and dual ERBB2/HER2 block-
ade, and when assessed at baseline and during treatment.13-18

Other than TILs, immune activation can also be measured by
gene expression.19,20 In patients with early-stage ERBB2/HER2-
positive breast cancer treated in the neoadjuvant setting, im-
mune-related gene expression signatures (iGESs) are associ-
ated with higher pathologic complete response (pCR) rates and
prolonged survival.21-23 Specifically, the immunoglobulin G
(IgG) signature24 has previously shown strong and indepen-
dent prognostic value across many studies.2,19,22,25 However,
the comparative prognostic ability of these different means of
measuring immune activation has not been well examined. In
this retrospective predictive and prognostic study, we tested
which biomarker, or combination of biomarkers, is the most
powerful for response and survival in 2 independent clinical
trials: the Cancer and Leukemia Group B (CALGB) 40601 trial
(NCT00770809) and the PAMELA trial (NCT01973660),
respectively. The CALGB is now part of the Alliance for Clinical
Trials in Oncology.

Methods
Neoadjuvant Trials
The CALGB 40601 trial study design, pCR, event-free sur-
vival (EFS), overall survival, and genomic correlative studies
have been previously published.2,22 In this predictive and prog-
nostic study, a total of 305 women with stage II to III ERBB2/
HER2-positive breast cancer were randomly assigned to re-
ceive neoadjuvant weekly paclitaxel with the addition of
trastuzumab, lapatinib, or both for 16 weeks. The primary end
point was pCR, defined as no invasive tumor in the breast
at surgery, and secondary end points included EFS. The
PAMELA trial study design, pCR, and biomarker correlative
studies have also been previously published.14,26,27 In this
phase 2 trial, 151 patients with stage I to IIIA ERBB2/HER2-

positive breast cancer received neoadjuvant lapatinib plus
trastuzumab for 18 weeks. The primary outcome was the abil-
ity of the HER2-enriched subtype to predict pCR, defined
as no invasive tumor in the breast at surgery. Each trial
participant signed an institutional review board–approved
(National Cancer Institute Central institutional review board
for the CALGB 40601 trial and Hospital Universitari Vall
d’Hebron for the PAMELA trial), protocol-specific informed con-
sent document following federal and institutional guidelines.

Tumor Gene Expression Analyses and iGESs
Gene expression profiles from pretreatment core biopsies were
obtained from 264 of 305 CALGB 40601 trial participants
(86.6%) and 142 of 151 PAMELA trial participants (94.0%) (eFig-
ure 1 in the Supplement). Whole-transcriptome analyses by
messenger RNA sequencing (RNA-Seq) were performed in the
University of North Carolina High-Throughput Sequencing
Facility and analyzed by the university’s Lineberger Compre-
hensive Cancer Center Bioinformatics Core. The RNA sequenc-
ing libraries were made from total RNA with the TruSeq
(Illumina) messenger RNA kit in the CALGB 40601 trial and
the TruSeq RNA Access kit in the PAMELA trial and were se-
quenced on an Illumina HiSeq 2000 using a 2 × 50–base pair
configuration. The CALGB 40601 trial RNA-Seq FASTQ files are
available on the dbGAP repository (phs001570.v3.p1). The
PAMELA trial RNA-Seq FASTQ files are available on EGA
(EGAS00001006410/EGAD00001009054). Purity-filtered
reads were aligned to the human reference GRCh38/hg38
genome, using Spliced Transcripts Aligned to a Reference,
version 2.4.2a.28 Transcript (GENCODE, version 22) abundance
estimates were generated by Salmon, version 0.6.029 in
“-quant” mode, based on the Spliced Transcripts Aligned to
a Reference alignments. Raw read counts for all RNA-Seq
samples were normalized to a fixed upper quartile.30 Messenger
RNA sequencing–normalized gene counts were then log2

transformed, and genes were filtered for those expressed in
70% of samples. The batch effect between the gene expression

Key Points
Question Which immune-related biomarker provides the most
valuable information to predict pathologic complete response and
event-free survival in patients with early-stage ERBB2/HER2-
positive breast cancer: tumor-infiltrating lymphocytes,
immune-related gene expression signatures, or both?

Findings In this predictive prognostic study in which a combined
correlative analysis of the CALGB 40601 and PAMELA trials was
conducted, 305 patients with early-stage ERBB2/HER2-positive
breast cancer, 6 B-cell–related signatures were more strongly
associated with pathologic complete response than were
tumor-infiltrating lymphocytes. In a multivariable Cox model
performed in the CALGB 40601 trial, the immunoglobulin G
signature, but not tumor-infiltrating lymphocytes, was
independently associated with event-free survival.

Meaning Findings suggest that when both tumor-infiltrating
lymphocytes and gene expression are available, the prognostic
and predictive value of RNA sequencing–based immune signatures
is superior.
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from the CALGB 40601 and PAMELA trials was corrected by
applying the distance-weighted discrimination method,31,32

version 1.0.233 (SlicerSALT) and using the CALGB 40601 trial
as reference. Intrinsic subtypes were obtained from RNA-Seq
gene expression data as described elsewhere.22

Expression of 202 iGESs from 43 publications (eRefer-
ences in the Supplement) was calculated. The list of iGESs and
the genes within each signature are summarized in eTable 1
in the Supplement, and the R code is provided.34 Finally, the
iGESs were classified into 22 immune classes based on their
gene ontology, with CIBERSORT as reference.35

TIL Evaluation
In the CALGB 40601 and PAMELA trials, slides from core biop-
sies were available for 230 of 264 patients (87.1%) and 138 of 142
patients (97.2%) from the RNA-Seq cohort (eFigure 1 in the
Supplement), respectively. The stromal TILs from both clini-
cal trials were scored by the CALGB 40601 trial lead study pa-
thologist (B.S.), following the International TILs Working Group
recommendations.12 In patients with more than 1 core biopsy
available, the mean of the 2 TILs assessments was calculated,
and patients without TILs assessment were censored.

Statistical Analysis
The criteria of the Reporting Recommendations for Tumour
Marker Prognostic Studies (REMARK) guidelines were fol-
lowed for this study.36 Comparisons of differences in baseline
clinicopathologic variables between the CALGB 40601 trial and
the PAMELA trial were made with the Wilcoxon rank sum test
(continuous variables) and the χ2 test (categorical variables).

For pCR and EFS modeling, the iGES scores were ana-
lyzed as continuous variables. Stromal TILs were analyzed as
continuous and discrete variables with different prespecified
cutoffs (ie, 20%, 40%, and 60%). Immune-related gene ex-
pression signatures and TILs were also categorized by tertiles
(ie, low, medium, and high) for visualization purposes.

The association between TILs and iGESs was measured
with Spearman correlation coefficients. For differential gene
expression analysis, we performed a multiclass significance
analysis of microarrays.37

The association of immune biomarkers with pCR was
evaluated in the CALGB 40601 and PAMELA combined co-
hort by logistic regression models. P values were adjusted for
multiple testing with a Benjamini-Hochberg method to con-
trol the false discovery rate. To compare the goodness of fit of
2 models, we used the Akaike information criterion (AIC). As
accuracy metric, we calculated the area under the receiver op-
erating characteristic curve (AUC) for pCR, using the CALGB
40601 trial as a train set and the PAMELA trial as validation.
In the CALGB 40601 trial, a mean of the AUC was calculated
with 10-fold cross-validation.

In the CALGB 40601 trial, EFS was defined as the time from
randomization to a breast cancer relapse after surgery, sec-
ond primary malignant neoplasm, or death without recur-
rence for women who underwent surgery. For individuals who
did not undergo surgery, the event was defined as death dur-
ing clinical follow-up or noncompletion of neoadjuvant therapy
due to progressive disease. The median follow-up was 9.1 years

(IQR, 8.10-9.84). The association of immune biomarkers with
EFS was evaluated with Cox regression models. P values were
adjusted for multiple testing with a Benjamini-Hochberg cor-
rection. To compare the goodness of fit, we used the AIC. To
evaluate the accuracy, we calculated an average C index using
5-fold cross-validation. To avoid a potential guarantee time bias
in the multivariable EFS models including pCR status, we per-
formed a 30-week landmark analysis. The landmark subpopu-
lation included only patients without events who were fol-
lowed up at 30 weeks after randomization.38,39 Finally, to
compare the prognostic ability of 2 nested models, we used the
likelihood ratio test (LRT).

All the analyses were based on the study clinical data-
base frozen on June 10, 2021. All tests were 2-sided, and
a .05 level of significance was used. All statistical analyses were
performed with R version 3.5.2 (R Foundation for Statistical
Computing) and Python version 3.6 (Python Software Foun-
dation). Data analyses were performed from June 1, 2020, to
January 1, 2022.

Results
Baseline Patient Characteristics and TIL Distribution
The characteristics of the 305 patients included in the study
are summarized in Table 1. Data on race and ethnicity were col-
lected in the CALGB 40601 trial but not the PAMELA trial;
therefore, we decided not to include the information in this
study. The median age of the patients was 50 years (IQR, 42-50
years), and 305 (100%) were women. Patients enrolled in the
CALGB 40601 trial were significantly younger, more likely to
be premenopausal, and at a more advanced clinical stage at
diagnosis than those enrolled in the nonchemotherapy
PAMELA trial. There were no significant differences between
the trials in the hormone receptor status and intrinsic sub-
type distribution. In the CALGB 40601 trial, there were no
statistically significant differences in the baseline clinicopatho-
logic characteristics between the TIL cohort (n = 230) and
the landmark cohort (n = 227) (eTable 2 in the Supplement).

In the CALGB 40601 trial, the median TIL count was 20%
(IQR, 13.1%-45%) (eFigure 2A in the Supplement). In the
PAMELA trial, the median TIL count was 30% (IQR, 20%-
50%) (eFigure 2B in the Supplement); the TILs distribution was
not significantly different between the studies (eFigure 2C in
the Supplement). The proportion of TILs was significantly
higher in hormone receptor–negative compared with hor-
mone receptor–positive disease in the CALGB 40601 trial
(median in hormone receptor–negative disease = 30 [IQR,
15-60]; median in hormone receptor–positive disease = 20
[IQR, 10-35]; P = .03), the PAMELA trial (median in hormone
receptor–negative disease = 30 [IQR, 20-65]; median in hor-
mone receptor–positive disease = 20 [IQR, 10-35]; P = .04), and
the combined cohort (median in hormone receptor–negative
disease = 30 [IQR, 19-60]; median in hormone receptor–
positive disease = 20 [IQR, 10-36]; P = .001) (eFigure 3A and
C in the Supplement; Figure 1A). There was a significant dif-
ference in the proportion of TILs by tumor intrinsic subtype,
with a significantly higher proportion of TILs in nonluminal
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(ie, basal-like and HER2-enriched) compared with luminal tu-
mors (CALGB 40601 trial: median nonluminal tumors = 25
[IQR, 15-60], median luminal tumors = 20 [IQR, 10-30], P = .01;
PAMELA trial: median nonluminal tumors = 30 [IQR, 20-60],
median luminal tumors = 20 [IQR, 10-30], P = .004; com-
bined cohort: median nonluminal tumors = 30 [IQR, 15-60],
median luminal tumors = 20 [IQR, 10-30], P < .001) (eFig-
ure 3B and D in the Supplement; Figure 1B).

Association Between TILs and iGESs
We found that 166 of 202 iGESs (82.2%) were significantly cor-
related with TILs in both studies, 179 in the CALGB 40601 trial

and 174 in the PAMELA trial (eTable 3 in the Supplement).
Spearman correlation coefficients are summarized in eTable 3
in the Supplement, and the coefficients from the 20 signa-
tures that were the most correlated with TILs in both studies
are represented in eFigure 4 in the Supplement. The iGESs most
correlated with TILs were largely T-cell related. The highest
Spearman correlation coefficient for TILs was 0.61 in the CALGB
40601 trial and 0.71 in the PAMELA trial. Three signatures as-
sociated with resistance to immunotherapy, inflammation, and
immunosuppression were significantly negatively correlated
with TILs in both studies (Spearman correlation coefficients
for the CALGB 40601 and PAMELA trials: −0.29 and −0.37,

Table 1. Baseline Characteristics of Patients From the Study Population by Clinical Trial

Characteristic

Patients, No. (%)

P valuea
CALGB 40601 trial
(n = 230)

PAMELA trial
(n = 138)

All
(N = 368)

Age, median (IQR), y 49 (41-56) 54 (44-64) 50 (42-59)
Menopause status

Postmenopausal 89 (38.7) 81 (58.7) 170 (46.2)
<.001

Premenopausal 141 (61.3) 57 (41.3) 198 (53.8)
Hormone receptor status

Negative 93 (40.4) 67 (48.6) 160 (43.5)
.13

Positive 137 (59.6) 71 (51.4) 208 (56.5)
Clinical stage

I 0 45 (32.6) 45 (12.2)

<.001II 157 (68.3) 86 (62.3) 242 (65.8)
III 73 (31.7) 8 (5.8) 81 (22.0)

Treatment
HL ± ET 0 138 (100) 138 (37.5)

<.001
TH 89 (38.7) 0 89 (24.2)
THL 95 (41.3) 0 95 (25.8)
TL 46 (20.0) 0 46 (12.5)

Intrinsic subtype
Basal-like 19 (8.3) 7 (5.1) 26 (7.1)

.06

HER2-enriched 131 (57.0) 91 (65.9) 222 (60.3)
Luminal A 26 (11.3) 20 (14.5) 46 (12.5)
Luminal B 32 (13.9) 16 (11.6) 48 (13.0)
Normal-like 22 (9.5) 4 (2.9) 26 (7.1)

Abbreviations: CALGB, Cancer and
Leukemia Group B 40601 trial;
ET, endocrine therapy;
HL, trastuzumab plus lapatinib;
TH, weekly paclitaxel plus
trastuzumab; THL, TH plus lapatinib;
TL, weekly paclitaxel plus lapatinib.
a Statistical differences were assessed

with the Wilcoxon rank sum test
(for age) and the Pearson χ2 test
(for the rest of the variables).

Figure 1. Comparison of Stromal Tumor-Infiltrating Lymphocyte (TIL) Levels by Hormone Receptor Status (A) and Intrinsic Subtype (B)
in the Combined Cohort of the Cancer and Leukemia Group B 40601 Trial and the PAMELA Trial
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Statistical differences were assessed with the Kruskal-Wallis test. The horizontal line in each box plot indicates the median of the distribution.
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Figure 2. Heatmap Representing the Different Distributions of the CIBERSORT-Derived Gene Expression Signatures
by Tumor-Infiltrating Lymphocyte (TIL) and Immunoglobulin G (IgG) Levels

Low Medium High Low Medium High

CALGB 40601A

TILs IgG

B cells (memory)

B cells (naive)

Plasma cells

T cells (CD4 memory activated)

T cells (CD8)

T cells (follicular helper)

T cells (CD4 memory resting)

T cells (gamma delta)

T regs

T cells (CD4 naive)

NK (activated)

NK (resting)

Dendritic cells (activated)

Dendritic cells (resting)

Macrophages (M1)

Macrophages (M0)

Macrophages (M2)

Mast cells (resting)

Mast cells (activated)

Monocytes

Neutrophils

Eosinophils

0.8

0.4

0

–0.4

–0.8

Low Medium High Low Medium High

PAMELAB

TILs IgG

B cells (memory)

B cells (naive)

Plasma cells

T cells (CD4 memory activated)

T cells (CD8)

T cells (follicular helper)

T cells (CD4 memory resting)

T cells (gamma delta)

T regs

T cells (CD4 naive)

NK (activated)

NK (resting)

Dendritic cells (activated)

Dendritic cells (resting)

Macrophages (M1)

Macrophages (M0)

Macrophages (M2)

Mast cells (resting)

Mast cells (activated)

Monocytes

Neutrophils

Eosinophils

0.8

0.4

0

–0.4

–0.8

Plasma cells

Dendritic cells

T cells

NK cells

Neutrophils

Eosinophils

Macrophages

Mastocytes

Monocytes

B cells

Cancer and Leukemia Group B 40601 (CALGB 40601) and PAMELA trial
samples were classified into 3 different groups by study, depending on the TIL
and IgG levels by tertiles (ie, low, medium, and high TILs; and low, medium, and
high IgG). Then, a multiclass significance analysis of microarrays was performed.

The standardized mean differences between the immune signatures in 1 class
vs the overall mean expression for each study are represented in 4 heatmaps.
NK indicates natural killer; T regs, T regulatory cells.
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−0.26 and −0.22, and −0.17 and −0.23, respectively) (eFig-
ure 5 and eTable 3 in the Supplement).

To further study the association between TILs and iGESs,
we compared the differences in immune cell infiltration, using
our CIBERSORT-derived signatures to perform a multiclass
significance analysis of microarrays by TIL levels (ie, low, me-
dium, and high) and by IgG signature levels (ie, low, medium,
and high) in the CALGB 40601 and PAMELA trials. The stan-
dardized mean differences between the iGESs in 1 class vs
the overall mean expression are represented in Figure 2A
(the CALGB 40601 trial) and Figure 2B (the PAMELA trial).
Tumors with high TIL and IgG levels were significantly en-
riched for T cells compared with those with low TIL and IgG
levels. However, although tumors with high IgG levels were
enriched for B-cell and plasma cell signatures compared with
those with low levels, in both studies, samples with high and
low TIL levels showed a high expression of B-cell and plasma
cell signatures. This analysis suggests that TILs do not reca-
pitulate B-cell and plasma cell immune infiltration, and the
2 biomarkers should not be considered the same.

Association of TILs and iGESs With pCR in the CALGB 40601
and PAMELA Trials
In the combined cohort, the percentage of TILs as a continu-
ous variable was significantly associated with pCR, with an
odds ratio of 1.01 (95% CI, 1.01-1.02; P = .02) for each 1%
increase in TILs. This association was observed regardless of
the clinical trial and treatment group (Figure 3A). High vs low
levels of TILs using a cutoff of 20% and 40% were also signifi-
cantly associated with pCR (20%: odds ratio, 1.86; 95% CI, 1.20-
2.91; P = .04; 40%: odds ratio, 2.29; 95% CI, 1.40-3.77; P = .02).
The model including TILs with a cutoff of 40% rather than TILs
as a continuous variable better predicted pCR (AIC, 471.68 for
TILs with a cutoff of 40% vs 472.23 for TILs as a continuous

variable; AUC, 0.59 for TILs with a cutoff of 40% in the
PAMELA trial vs 0.57 for TILs as a continuous variable).

Thirty-six of 202 iGESs (17.8%) were also significantly as-
sociated with pCR independently of the treatment group and
study (eTable 4 in the Supplement; Figure 3B; eFigure 6 in the
Supplement). The biomarker models from 13 of these signa-
tures better predicted the response end point than the best
TILs model for pCR prediction, showing lower AIC values (AIC,
450.06-471.30 for iGESs vs 471.68 for TILs with a cutoff of 40%)
(eTable 4 in the Supplement). When the accuracy metrics were
examined, 7 iGESs outperformed TILs for pCR, showing higher
AUC values in the train (CALGB 40601 trial) and the valida-
tion set (PAMELA trial) (eTable 5 in the Supplement). More-
over, in multivariable models adjusted by multiple clinical
parameters (study, treatment group, stage, age, hormone re-
ceptor status, menopausal status, and subtype), these signa-
tures but not TILs were significantly associated with pCR
(eTable 5 in the Supplement). Most of these signatures were
associated with B cells, plasma cells, and immunoglobulins
(eFigure 7 in the Supplement).

Association of TILs and iGESs With EFS
in the CALGB 40601 Trial
In the CALGB 40601 trial, 37 iGESs, but not TILs, were signifi-
cantly associated with EFS in Cox regression models adjusted
by treatment group (eTable 6 in the Supplement). As with pCR,
the top-performing immune signatures were also associated
with B cells.

Finally, we wanted to test whether the combination of
iGESs and TILs was more prognostic than each alone by com-
paring multiple multivariable Cox regression models. To test
this, we selected 6 immune signatures that outperformed TILs
for pCR and were also prognostic in the CALGB 40601 trial:
3 IgG signatures, 2 B-cell signatures, and 1 plasma cell signa-

Figure 3. Rates of Pathologic Complete Response (pCR) According to Levels of Tumor-Infiltrating Lymphocytes (TILs) (A)
and Immunoglobulin G (IgG) Gene Expression Signature (B)
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ture. The results for 1 of the IgG signatures are shown in Table 2.
We first built a base model that included known prognostic vari-
ables: pCR status, treatment group (weekly paclitaxel plus
trastuzumab plus lapatinib, weekly paclitaxel plus lapatinib, or
weekly paclitaxel plus trastuzumab, where the latter is the ref-
erence group), hormone receptor status, clinical stage, and
PAM50 intrinsic tumor subtype (HER2-enriched vs other sub-
types) (model 1). In this model, treatment group, clinical stage,
pCR status, and intrinsic subtype were significantly associated
with EFS. Adding TILs (model 2) did not provide additional prog-
nostic information (LRT P = .12). We then built a model adding
our previously published IgG signature to model 1; in this model
(model 3), treatment group, clinical stage, pCR status, intrinsic
subtype, and the IgG signature were all significantly associ-
ated with EFS (IgG-adjusted hazard ratio, 0.63; 95% CI, 0.45-
0.87; P = .006). Also, model 3 was significantly better than
model 1 for EFS (LRT P = .005). The last model (model 4) in-
cluded both TILs and the IgG signature. In this model, the IgG
signature, but not TILs, was significantly associated with EFS
(IgG-adjusted hazard ratio, 0.63; 95% CI, 0.42-0.93; P = .02; TIL-
adjusted hazard ratio, 1.00; 95% CI, 0.98-1.02; P = .99) (Table 2).

Model 4, including both TILs and the IgG signature, was sig-
nificantly better than the model including only TILs (model 4
vs model 2; LRT P = .02), but it was not significantly better than
model 3, which included only the IgG signature (model 4 vs
model 3; LRT P = .99). Similar results were observed with the
other 5 iGESs (eTable 7 in the Supplement) when TILs was used
as a discrete variable with a cutoff of 40% (eTable 8 in the
Supplement) and when a landmark analysis was performed
(eTable 9 in the Supplement). When different multivariate mod-
els including clinical parameters and 1 iGES were compared, the
immunoglobulin–The Cancer Genome Atlas signature model
performed slightly better than the rest (eTable 10 and eTable 11
in the Supplement).

Discussion
In the CALGB 40601 and PAMELA trials, both the proportion
of TILs and the multiple iGESs were significantly associated
with pCR. Moreover, in the CALGB 40601 trial, several
immune signatures were also associated with EFS in univari-

Table 2. Association of TILs and Immune-Related Gene Expression Signatures With EFS in the Cancer
and Leukemia Group B 40601 Trial

Model, formula, and features HR (95% CI) P value AIC LRT P valuea

Model 1:
EFS ≈ treatment + HR + stage + pCRB + subtype

THL vs TH 0.34 (0.14-0.78) .01

395.68 1 [Reference]

TL vs TH 1.27 (0.62-2.60) .51
HR (pos vs neg) 1.86 (0.94-3.69) .08
Stage (III vs II) 2.03 (1.07-3.87) .03
pCR (pCR vs RD) 0.22 (0.10-0.48) <.001
HER2-enriched vs other 4.20 (1.97-8.96) <.001

Model 2:
EFS ≈ treatment + HR + stage + pCRB + subtype + TILs

THL vs TH 0.31 (0.13-0.73) .007

395.31 Model 2 vs model 1 LRT:
P = .12

TL vs TH 1.30 (0.63-2.67) .48
HR (pos vs neg) 1.85 (0.93-3.69) .08
Stage (III vs II) 1.95 (1.02-3.71) .04
pCR (pCR vs RD) 0.24 (0.11-0.54) <.001
HER2-enriched vs not 4.53 (2.11-9.73) <.001
TILs (continuous) 0.99 (0.97-1.00) .14

Model 3:
EFS ≈ treatment + HR + stage + pCRB + subtype + signature

THL vs TH 0.31 (0.13-0.71) .006

389.96 Model 3 vs model 1 LRT:
P = .005

TL vs TH 1.45 (0.70-3.02) .32
HR (pos vs neg) 1.43 (0.71-2.90) .32
Stage (III vs II) 2.01 (1.06-3.83) .03
pCR (pCR vs RD) 0.30 (0.13-0.66) .003
HER2-enriched vs not 4.28 (2.02-9.08) <.001
Signature (continuous) 0.63 (0.45-0.87) .006

Model 4:
EFS ≈ treatment + HR + stage + pCRB + subtype + signature + TILs

THL vs TH 0.31 (0.13-0.72) .006

391.96

Model 4 vs model 2 LRT:
P = .02

TL vs TH 1.45 (0.69-3.02) .32
HR (pos vs neg) 1.43 (0.70-2.92) .32
Stage (III vs II) 2.01 (1.05-3.84) .03
pCR (pCR vs RD) 0.30 (0.13-0.66) .003

Model 4 vs model 3 LRT:
P = .99

HER2-enriched vs not 4.28 (2.01-9.12) <.001
TILs (continuous) 1.00 (0.98-1.02) .99
Signature (continuous) 0.63 (0.42-0.93) .02

Abbreviations: AIC, Akaike
information criterion; EFS, event-free
survival; HR, hormone receptor;
LRT, likelihood ratio test; neg,
negative; pCR, pathologic complete
response; pCRB, in-breast pCR; pos,
positive; RD, residual disease;
TH, weekly paclitaxel plus
trastuzumab; THL, TH plus lapatinib;
TIL, tumor infiltrating lymphocyte;
TL, weekly paclitaxel plus lapatinib.
a This was a comparative analysis of

nested multivariable Cox regression
models using an LRT. The signature
identification from the IgG signature
is IGG.Cluster Fan
BMCMedGenomics.2011
PMID.21214954.
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able and multivariable Cox analyses that included clinical
factors and intrinsic subtype, whereas TILs were not signifi-
cantly associated with outcome. B-cell signatures outper-
formed TILs and T-cell signatures for pCR and EFS.40 Com-
bining TILs and iGESs did not provide additional prognostic
information. These results are especially relevant in early-
stage ERBB2/HER2-positive breast cancer, in which multiple
trials focus on developing prognostic tools combining tumor
and immune cell biomarkers to guide treatment escalation
and de-escalation.25,41-43

The proportion of TILs as a continuous variable has proven
to be an independent prognostic biomarker in early-stage
ERBB2/HER2-positive breast cancer.13-18 Thus, the evalua-
tion of TILs has been proposed as a readily available tool to
identify different prognostic groups in this setting. Despite
the standardization of TIL scoring by the International TILs
Working Group, this biomarker still has low reproducibility
rates across pathologists, with κ values in the 0.4 to 0.6
range44,45 even after efforts to define the optimal TIL cutoff.46

However, these are ongoing harmonization efforts, and TILs
have value, particularly in resource-constrained settings.

Not surprisingly, quantitative gene expression of immune-
related genes and signatures is strongly associated with the in-
filtration of TILs.47,48 Immune genes and signatures have also
proven to have prognostic and predictive value in patients with
early-stage ERBB2/HER2-positive breast cancer, and the IgG
signature is included in the HER2DX genomic test.21-23,25 To
our knowledge, this is the first study demonstrating that when
both TILs and immune gene expression data are available,
iGESs, particularly B-cell signatures, provide more prognostic
information in ERBB2/HER2-positive breast cancer without the
additional value of adding TILs. Similar results suggest the po-
tential superiority of iGESs over TILs in triple-negative breast
cancer treated with chemotherapy alone in the CALGB 40603
trial,48 in which B-cell features, including IgG expression, were
found to be the most prognostically valuable metric.

Limitations
Our study has limitations. First, a substantial proportion of
patients included in the CALGB 40601 and PAMELA trials

received trastuzumab combined with lapatinib, a dual treat-
ment used in the metastatic setting but not approved for early-
stage ERBB2/HER2-positive breast cancer. Moreover, the
PAMELA trial differed from the CALGB 40601 trial in that pa-
tients received only anti-ERBB2/HER2 therapy before surgery,
without chemotherapy. Second, although EFS was a key sec-
ondary end point of the CALGB 40601 trial, the trial was not
powered for long-term outcomes, so EFS prediction modeling
should be interpreted with caution. Third, even when scored
as a continuous variable, the proportion of TILs (ie, 0% to 100%)
follows a semiquantitative pattern, with increments of 5% to
10%, and thus is not a true continuous variable like iGESs. How-
ever, when TILs were divided into high vs low levels based on
multiple prespecified cutoffs, their ability to predict response
and survival was lower than that of multiple B-cell–related sig-
natures. Finally, we performed numerous statistical predic-
tions simultaneously by building 1 model for each immune
biomarker to predict pCR and EFS. To control type I error, we
adjusted the models’ P values for multiple testing.

Conclusions
To conclude, accumulating evidence supports the validity of
using evidence of immune activation, which can be mea-
sured with TILs or immune-related gene expression biomark-
ers, to stratify patients with early-stage ERBB2/HER2-
positive breast cancer into different prognostic groups. This
study supports that measurement of immune activation, either
by TIL measurement or by immune-related gene expression
profiling, is predictive of treatment response and that immune-
related gene expression is prognostic. In the presence of both
immune biomarker types, iGESs, especially B-cell–related sig-
natures, outperform TILs for both pCR and prognosis, and the
combination of both biomarkers does not yield improved prog-
nostic value. These results highlight the essential role of B cells
in antitumor immunity and suggest that B-cell immune-
related gene expression provides valuable prognostic infor-
mation for treatment escalation and de-escalation in patients
with early-stage ERBB2/HER2-positive breast cancer.

ARTICLE INFORMATION

Accepted for Publication: September 21, 2022.

Published Online: January 5, 2023.
doi:10.1001/jamaoncol.2022.6288

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2023 Fernandez-Martinez A et al. JAMA
Oncology.

Author Affiliations: Lineberger Comprehensive
Cancer Center, University of North Carolina, Chapel
Hill (Fernandez-Martinez, Pascual, Hoadley, Spears,
Perou, Carey); Department of Genetics, University
of North Carolina, Chapel Hill (Fernandez-Martinez,
Hoadley, Perou); Department of Medical Oncology,
Hospital Clínic de Barcelona, Barcelona, Spain
(Pascual, Chic); Translational Genomics and
Targeted Therapeutics in Solid Tumors, August Pi i
Sunyer Biomedical Research Institute (IDIBAPS),
Barcelona, Spain (Pascual, Brasó-Maristany, Chic,

Prat); SOLTI Breast Cancer Cooperative Group,
Barcelona, Spain (Pascual, Chic, Prat); Department
of Pathology, White Plains Hospital, White Plains,
New York (Singh); Molecular Oncology Laboratory,
Vall d’Hebron Institute of Oncology, Barcelona,
Spain (Nuciforo); Department of Biostatistics,
University of North Carolina, Chapel Hill (Rashid);
Alliance Statistics and Data Management Center,
Mayo Clinic, Rochester, Minnesota (Ballman,
Campbell); Reveal Genomics, Barcelona, Spain
(Pare, Prat); Yale Cancer Center, New Haven,
Connecticut (Krop); Department of Breast
Oncology, Dana-Farber Cancer Institute, Boston,
Massachusetts (Partridge); International Breast
Cancer Center, Barcelona, Spain (Cortés); Medical
Oncology Department, Hospital Arnau de Vilanova,
Valencia, Spain (Llombart-Cussac); Department of
Medicine, University of Barcelona, Barcelona, Spain
(Prat); Breast Cancer Unit, IOB-QuirónSalud,
Barcelona, Spain (Prat); Division of Medical

Oncology, Department of Medicine, School of
Medicine, University of North Carolina at
Chapel Hill, Chapel Hill (Carey).

Author Contributions: Dr Fernandez-Martinez had
full access to all of the data in the study and takes
responsibility for the integrity of the data and the
accuracy of the data analysis. Dr Carey served as
senior author.
Concept and design: Fernandez-Martinez, Ballman,
Spears, Perou, Carey.
Acquisition, analysis, or interpretation of data:
Fernandez-Martinez, Pascual, Singh, Nuciforo,
Rashid, Ballman, Campbell, Hoadley, Pare,
Brasó-Maristany, Chic, Krop, Partridge, Cortés,
Llombart-Cussac, Prat, Perou, Carey.
Drafting of the manuscript: Fernandez-Martinez,
Campbell, Pare, Prat, Perou, Carey.
Critical revision of the manuscript for important
intellectual content: Fernandez-Martinez, Pascual,
Singh, Nuciforo, Rashid, Ballman, Hoadley, Spears,

Immune-Related Gene Expression Signatures vs Tumor-Infiltrating Lymphocytes in ERBB2/HER2-Positive Breast Cancer Original Investigation Research

jamaoncology.com (Reprinted) JAMA Oncology April 2023 Volume 9, Number 4 497

Downloaded From: https://jamanetwork.com/ on 09/27/2023

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaoncol.2022.6288?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288
https://jamanetwork.com/pages/cc-by-license-permissions?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288
http://www.jamaoncology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288


Brasó-Maristany, Chic, Krop, Partridge, Cortés,
Llombart-Cussac, Prat, Perou.
Statistical analysis: Fernandez-Martinez, Pascual,
Ballman, Campbell, Pare.
Obtained funding: Perou, Carey.
Administrative, technical, or material support:
Pascual, Nuciforo, Hoadley, Spears, Krop, Perou,
Carey.
Supervision: Rashid, Cortés, Llombart-Cussac, Prat,
Perou, Carey.

Conflict of Interest Disclosures:
Dr Fernandez-Martinez reported receiving grants
from National Cancer Institute during the conduct
of the study. Dr Pascual reported receiving
consulting fees from Novartis, speakers’ bureau
fees from AstraZeneca outside the submitted work,
and personal fees from Pfizer. Dr Nuciforo reported
receiving grants from GSK to the institution to act
as the central academic laboratory during the
conduct of the study; and personal fees from
Novartis, Bayer, MSD Oncology, and Targos
Molecular Pathology outside the submitted work.
Dr Ballman reported receiving grants from National
Cancer Institute’s National Clinical Trials Network
for the Alliance during the conduct of the study
and expert witness fees from Johnson & Johnson,
Sanofi, Mylan Pharmaceuticals, and Janssen
outside the submitted work. Dr Pare reported
receiving a patent for an in vitro method for the
prognosis of patients with ERBB2/HER2-positive
breast cancer. Dr Brasó-Maristany reported
receiving a pending patent for an HER2DX assay
(EP21383165). Dr Krop reported receiving personal
fees from Genentech-Roche; grants from
Genentech-Roche, Pfizer, and MacroGenics to his
institution; and personal fees from Bristol Meyers
Squibb, Daiichi-Sankyo, AstraZeneca, Novartis,
Merck, and Seagen outside the submitted work.
Dr Cortés reported receiving personal fees and
grants from Roche to his institution during the
conduct of the study; consulting and honoraria fees
from Roche, Celgene, Daiichi Sankyo, Lilly, and
Merck Sharp & Dohme; consulting fees from
Cellestia, AstraZeneca, Seattle Genetics, Erytech,
Athenex, Polyphor, GSK, Leuko, Bioasis, Clovis
Oncology, Boehringer Ingelheim, Ellipses, HiberCell,
BioInvent, GEMoaB, Gilead, Menarini, Reveal
Genomics, and Zymeworks; grants from Ariad
Pharmaceuticals, AstraZeneca, Baxalta
GmbH-Servier Affaires, Bayer Healthcare, Eisai, F.
Hoffman-La Roche, Guardanth Health, Merck Sharp
& Dohme, Pfizer, PIQUR Therapeutics, Puma C, and
Queen Mary University of London to his institution;
accommodation and expenses fees from Roche,
Novartis, Eisai, Pfizer, Daiichi Sankyo, AstraZeneca,
and Gilead; honoraria from Novartis and Samsung
Bioepis outside the submitted work; and receiving
a patent for pharmaceutical combinations of a Pi3k
inhibitor and a microtubule destabilizing agent
(WO 2014/199294 A) and a patent for ERBB2/HER2
as a predictor of response to dual ERBB2/HER2
blockade in the absence of cytotoxic therapy (US
2019/0338368 A1). Dr Llombart-Cussac reported
being a stockholder of Medsir; receiving grants
from Genentech-Roche, Daiichi-Sanyo, Pfizer, and
Novartis outside the submitted work; and receiving
personal fees from Seagen. Dr Prat reported
receiving personal fees from Reveal Genomics
during the conduct of the study; personal fees from
Oncolytics Biotech, Roche, Novartis, AstraZeneca,
and Daiichi-Sankyo outside the submitted work;
and receiving a patent for HER2DX licensed to
Reveal Genomics. Dr Perou reported receiving

grants from National Cancer Institute Breast SPORE
program P50-CA58223 during the conduct of the
study; being an equity stockholder in and receiving
royalties from Bioclassifier LLC outside the
submitted work; receiving a patent (US patent No.
12,995,459) with royalties paid from Bioclassifier;
and being an equity owner in and consultant for
Reveal Genomics. No other disclosures were
reported.

Funding/Support: Research reported in this
publication was supported by the National Cancer
Institute of the National Institutes of Health under
awards U10CA180821, U10CA180882, and
U24CA196171 (to the Alliance for Clinical Trials
in Oncology); R01CA229409 (Dr Carey);
UG1CA233160, UG1CA233180, UG1CA233290,
UG1CA233329, UG1CA233333, UG1CA233373,
and P50CA058223 (Drs Carey and Perou); and
U10CA180888 and UG1CA233160 (SWOG).
The research was also funded by The Breast Cancer
Research Foundation (Alliance; Drs Carey and
Perou), Susan G. Komen (Drs Carey and Perou),
Fundación SEOM, Becas FSEOM para Formación
en Investigación en Centros de Referencia en el
Extranjero 2018 (Dr Pascual), and Fundación
Científica Asociación Española Contra el Cáncer:
Ayudas Investigador AECC 2021-INVES21943BRAS
(Dr Brasó-Maristany).

Role of the Funder/Sponsor: The National Cancer
Institute of the National Institutes of Health,
Susan G. Komen, and The Breast Cancer Research
Foundation participated in the data design and
conduct of the study; collection, management,
analysis, and interpretation of the data; and
preparation, review, and approval of the
manuscript. Fundación SEOM and Fundación
Científica Asociación Española Contra el Cáncer
participated in the review and approval of the
manuscript.

Disclaimer: The content is solely the authors’
responsibility and does not necessarily represent
the official views of the National Institutes of
Health.

REFERENCES

1. Baselga J, Bradbury I, Eidtmann H, et al;
NeoALTTO Study Team. Lapatinib with
trastuzumab for HER2-positive early breast
cancer (NeoALTTO): a randomised, open-label,
multicentre, phase 3 trial. Lancet. 2012;379(9816):
633-640. doi:10.1016/S0140-6736(11)61847-3

2. Carey LA, Berry DA, Cirrincione CT, et al.
Molecular heterogeneity and response to
neoadjuvant human epidermal growth factor
receptor 2 targeting in CALGB 40601,
a randomized phase III trial of paclitaxel plus
trastuzumab with or without lapatinib. J Clin Oncol.
2016;34(6):542-549. doi:10.1200/JCO.2015.62.1268

3. Robidoux A, Tang G, Rastogi P, et al.
Lapatinib as a component of neoadjuvant therapy
for HER2-positive operable breast cancer (NSABP
protocol B-41): an open-label, randomised phase 3
trial. Lancet Oncol. 2013;14(12):1183-1192.
doi:10.1016/S1470-2045(13)70411-X

4. Gianni L, Pienkowski T, Im YH, et al. Efficacy
and safety of neoadjuvant pertuzumab and
trastuzumab in women with locally advanced,
inflammatory, or early HER2-positive breast cancer
(NeoSphere): a randomised multicentre,
open-label, phase 2 trial. Lancet Oncol. 2012;13(1):
25-32. doi:10.1016/S1470-2045(11)70336-9

5. Guarneri V, Frassoldati A, Bottini A, et al.
Preoperative chemotherapy plus trastuzumab,
lapatinib, or both in human epidermal growth factor
receptor 2–positive operable breast cancer: results
of the randomized phase II CHER-LOB study. J Clin
Oncol. 2012;30(16):1989-1995. doi:10.1200/JCO.
2011.39.0823

6. Schneeweiss A, Chia S, Hickish T, et al.
Pertuzumab plus trastuzumab in combination with
standard neoadjuvant anthracycline-containing
and anthracycline-free chemotherapy regimens
in patients with HER2-positive early breast cancer:
a randomized phase II cardiac safety study
(TRYPHAENA). Ann Oncol. 2013;24(9):2278-2284.
doi:10.1093/annonc/mdt182

7. Martin M, Holmes FA, Ejlertsen B, et al; ExteNET
Study Group. Neratinib after trastuzumab-based
adjuvant therapy in HER2-positive breast cancer
(ExteNET): 5-year analysis of a randomised,
double-blind, placebo-controlled, phase 3 trial.
Lancet Oncol. 2017;18(12):1688-1700. doi:10.1016/
S1470-2045(17)30717-9

8. von Minckwitz G, Procter M, de Azambuja E,
et al; APHINITY Steering Committee and
Investigators. Adjuvant pertuzumab and
trastuzumab in early HER2-positive breast cancer.
N Engl J Med. 2017;377(2):122-131. doi:10.1056/
NEJMoa1703643

9. von Minckwitz G, Huang CS, Mano MS, et al;
KATHERINE Investigators. Trastuzumab emtansine
for residual invasive HER2-positive breast cancer.
N Engl J Med. 2019;380(7):617-628. doi:10.1056/
NEJMoa1814017

10. Piccart-Gebhart M, Holmes E, Baselga J, et al.
Adjuvant lapatinib and trastuzumab for early
human epidermal growth factor receptor 2–positive
breast cancer: results from the randomized phase III
Adjuvant Lapatinib and/or Trastuzumab Treatment
Optimization Trial. J Clin Oncol. 2016;34(10):1034-
1042. doi:10.1200/JCO.2015.62.1797

11. Bianchini G, Gianni L. The immune system and
response to HER2-targeted treatment in breast
cancer. Lancet Oncol. 2014;15(2):e58-e68.
doi:10.1016/S1470-2045(13)70477-7

12. Salgado R, Denkert C, Demaria S, et al;
International TILs Working Group 2014. The
evaluation of tumor-infiltrating lymphocytes (TILs)
in breast cancer: recommendations by an
International TILs Working Group 2014. Ann Oncol.
2015;26(2):259-271. doi:10.1093/annonc/mdu450

13. Salgado R, Denkert C, Campbell C, et al.
Tumor-infiltrating lymphocytes and associations
with pathological complete response and
event-free survival in HER2-positive early-stage
breast cancer treated with lapatinib and
trastuzumab: a secondary analysis of the
NeoALTTO trial. JAMA Oncol. 2015;1(4):448-454.
doi:10.1001/jamaoncol.2015.0830

14. Nuciforo P, Pascual T, Cortés J, et al.
A predictive model of pathologic response based
on tumor cellularity and tumor-infiltrating
lymphocytes (CelTIL) in HER2-positive breast
cancer treated with chemo-free dual HER2
blockade. Ann Oncol. 2018;29(1):170-177.
doi:10.1093/annonc/mdx647

15. Dieci MV, Prat A, Tagliafico E, et al. Integrated
evaluation of PAM50 subtypes and immune
modulation of pCR in HER2-positive breast cancer
patients treated with chemotherapy and
HER2-targeted agents in the CherLOB trial. Ann
Oncol. 2016;27(10):1867-1873. doi:10.1093/annonc/
mdw262

16. Denkert C, von Minckwitz G, Darb-Esfahani S,
et al. Tumour-infiltrating lymphocytes and

Research Original Investigation Immune-Related Gene Expression Signatures vs Tumor-Infiltrating Lymphocytes in ERBB2/HER2-Positive Breast Cancer

498 JAMA Oncology April 2023 Volume 9, Number 4 (Reprinted) jamaoncology.com

Downloaded From: https://jamanetwork.com/ on 09/27/2023

https://dx.doi.org/10.1016/S0140-6736(11)61847-3
https://dx.doi.org/10.1200/JCO.2015.62.1268
https://dx.doi.org/10.1016/S1470-2045(13)70411-X
https://dx.doi.org/10.1016/S1470-2045(11)70336-9
https://dx.doi.org/10.1200/JCO.2011.39.0823
https://dx.doi.org/10.1200/JCO.2011.39.0823
https://dx.doi.org/10.1093/annonc/mdt182
https://dx.doi.org/10.1016/S1470-2045(17)30717-9
https://dx.doi.org/10.1016/S1470-2045(17)30717-9
https://dx.doi.org/10.1056/NEJMoa1703643
https://dx.doi.org/10.1056/NEJMoa1703643
https://dx.doi.org/10.1056/NEJMoa1814017
https://dx.doi.org/10.1056/NEJMoa1814017
https://dx.doi.org/10.1200/JCO.2015.62.1797
https://dx.doi.org/10.1016/S1470-2045(13)70477-7
https://dx.doi.org/10.1093/annonc/mdu450
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaoncol.2015.0830?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288
https://dx.doi.org/10.1093/annonc/mdx647
https://dx.doi.org/10.1093/annonc/mdw262
https://dx.doi.org/10.1093/annonc/mdw262
http://www.jamaoncology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288


prognosis in different subtypes of breast cancer:
a pooled analysis of 3771 patients treated with
neoadjuvant therapy. Lancet Oncol. 2018;19(1):40-
50. doi:10.1016/S1470-2045(17)30904-X

17. Chic N, Luen SJ, Nuciforo P, et al. Tumor
cellularity and infiltrating lymphocytes as a survival
surrogate in HER2-positive breast cancer. J Natl
Cancer Inst. 2022;114(3):467-470. doi:10.1093/jnci/
djab057

18. Barroso-Sousa R, Barry WT, Guo H, et al.
The immune profile of small HER2-positive breast
cancers: a secondary analysis from the APT trial.
Ann Oncol. 2019;30(4):575-581. doi:10.1093/
annonc/mdz047

19. Iglesia MD, Vincent BG, Parker JS, et al.
Prognostic B-cell signatures using mRNA-seq in
patients with subtype-specific breast and ovarian
cancer. Clin Cancer Res. 2014;20(14):3818-3829.
doi:10.1158/1078-0432.CCR-13-3368

20. Newman AM, Steen CB, Liu CL, et al.
Determining cell type abundance and expression
from bulk tissues with digital cytometry. Nat
Biotechnol. 2019;37(7):773-782. doi:10.1038/s41587-
019-0114-2

21. Fumagalli D, Venet D, Ignatiadis M, et al.
RNA sequencing to predict response to
neoadjuvant anti-HER2 therapy: a secondary
analysis of the NeoALTTO randomized clinical trial.
JAMA Oncol. 2017;3(2):227-234. doi:10.1001/
jamaoncol.2016.3824

22. Fernandez-Martinez A, Krop IE, Hillman DW,
et al. Survival, pathologic response, and genomics
in CALGB 40601 (Alliance), a neoadjuvant phase III
trial of paclitaxel-trastuzumab with or without
lapatinib in HER2-positive breast cancer. J Clin Oncol.
2020;38(35):4184-4193. doi:10.1200/JCO.20.01276

23. Ignatiadis M, Singhal SK, Desmedt C, et al.
Gene modules and response to neoadjuvant
chemotherapy in breast cancer subtypes: a pooled
analysis. J Clin Oncol. 2012;30(16):1996-2004.
doi:10.1200/JCO.2011.39.5624

24. Fan C, Prat A, Parker JS, et al. Building
prognostic models for breast cancer patients using
clinical variables and hundreds of gene expression
signatures. BMC Med Genomics. 2011;4:3.
doi:10.1186/1755-8794-4-3

25. Prat A, Guarneri V, Pascual T, et al.
Development and validation of the new HER2DX
assay for predicting pathological response and
survival outcome in early-stage HER2-positive
breast cancer. EBioMedicine. 2022;75:103801.
doi:10.1016/j.ebiom.2021.103801

26. Llombart-Cussac A, Cortés J, Paré L, et al.
HER2-enriched subtype as a predictor of
pathological complete response following
trastuzumab and lapatinib without chemotherapy
in early-stage HER2-positive breast cancer
(PAMELA): an open-label, single-group,
multicentre, phase 2 trial. Lancet Oncol. 2017;18(4):
545-554. doi:10.1016/S1470-2045(17)30021-9

27. Prat A, De Angelis C, Pascual T, et al.
HER2-enriched subtype and ERBB2 mRNA as
predictors of pathological complete response
following trastuzumab and lapatinib without
chemotherapy in early-stage HER2-positive breast
cancer: a combined analysis of TBCRC006/023 and
PAMELA trials. J Clin Oncol. 2018;36(15)(suppl):509.
doi:10.1200/JCO.2018.36.15_suppl.509

28. Dobin A, Davis CA, Schlesinger F, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics.
2013;29(1):15-21. doi:10.1093/bioinformatics/bts635

29. Patro R, Duggal G, Love MI, Irizarry RA,
Kingsford C. Salmon provides fast and bias-aware
quantification of transcript expression. Nat Methods.
2017;14(4):417-419. doi:10.1038/nmeth.4197

30. Bullard JH, Purdom E, Hansen KD, Dudoit S.
Evaluation of statistical methods for normalization
and differential expression in mRNA-Seq
experiments. BMC Bioinformatics. 2010;11:94.
doi:10.1186/1471-2105-11-94

31. Marron JS, Todd MJ, Ahn J. Distance-weighted
discrimination. J Am Stat Assoc. 2007;102(480):
1267-1271. doi:10.1198/016214507000001120

32. Wang B, Zou H. Another look at
distance-weighted discrimination. J R Stat Soc
Series B Stat Methodol. 2018;80(1):177-198.
doi:10.1111/rssb.12244

33. Carmichael I. Data from: Distance-weighted
discrimination. GitHub Repository. 2021.

34. Fernandez-Martinez A. Prognostic value of
immune gene-expression signatures versus
tumor-infiltrating lymphocytes in early-stage
HER2-positive breast cancer: a correlative analysis
of CALGB 40601 and PAMELA trials. September 1,
2022. Accessed November 17, 2022. https://github.
com/afernan4/iGES_scores

35. Newman AM, Liu CL, Green MR, et al. Robust
enumeration of cell subsets from tissue expression
profiles. Nat Methods. 2015;12(5):453-457.
doi:10.1038/nmeth.3337

36. McShane LM, Altman DG, Sauerbrei W,
Taube SE, Gion M, Clark GM; Statistics
Subcommittee of the NCI-EORTC Working
Group on Cancer Diagnostics. Reporting
recommendations for tumor marker prognostic
studies (REMARK). J Natl Cancer Inst. 2005;97(16):
1180-1184. doi:10.1093/jnci/dji237

37. Tusher VG, Tibshirani R, Chu G. Significance
analysis of microarrays applied to the ionizing
radiation response. Proc Natl Acad Sci U S A. 2001;
98(9):5116-5121. doi:10.1073/pnas.091062498

38. Giobbie-Hurder A, Gelber RD, Regan MM.
Challenges of guarantee-time bias. J Clin Oncol.
2013;31(23):2963-2969. doi:10.1200/JCO.2013.
49.5283

39. de Azambuja E, Holmes AP, Piccart-Gebhart M,
et al. Lapatinib with trastuzumab for HER2-positive
early breast cancer (NeoALTTO): survival outcomes
of a randomised, open-label, multicentre, phase 3

trial and their association with pathological
complete response. Lancet Oncol. 2014;15(10):1137-
1146. doi:10.1016/S1470-2045(14)70320-1

40. Hollern DP, Xu N, Thennavan A, et al. B cells
and T follicular helper cells mediate response to
checkpoint inhibitors in high mutation burden
mouse models of breast cancer. Cell. 2019;179(5):
1191-1206. doi:10.1016/j.cell.2019.10.028

41. Prat A, Pascual T, De Angelis C, et al.
HER2-enriched subtype and ERBB2 expression
in HER2-positive breast cancer treated with dual
HER2 blockade. J Natl Cancer Inst. 2020;112(1):46-
54. doi:10.1093/jnci/djz042

42. Veeraraghavan J, De Angelis C, Mao R, et al.
A combinatorial biomarker predicts pathologic
complete response to neoadjuvant lapatinib and
trastuzumab without chemotherapy in patients
with HER2+ breast cancer. Ann Oncol. 2019;30(6):
927-933. doi:10.1093/annonc/mdz076

43. Prat A, Guarneri V, Paré L, et al. A multivariable
prognostic score to guide systemic therapy in
early-stage HER2-positive breast cancer:
a retrospective study with an external evaluation.
Lancet Oncol. 2020;21(11):1455-1464. doi:10.1016/
S1470-2045(20)30450-2

44. Swisher SK, Wu Y, Castaneda CA, et al.
Interobserver agreement between pathologists
assessing tumor-infiltrating lymphocytes (TILs) in
breast cancer using methodology proposed by the
International TILs Working Group. Ann Surg Oncol.
2016;23(7):2242-2248. doi:10.1245/s10434-016-
5173-8

45. Tramm T, Di Caterino T, Jylling AB, et al;
Scientific Committee of Pathology, Danish Breast
Cancer Group (DBCG). Standardized assessment
of tumor-infiltrating lymphocytes in breast cancer:
an evaluation of inter-observer agreement between
pathologists. Acta Oncol. 2018;57(1):90-94.
doi:10.1080/0284186X.2017.1403040

46. Denkert C, Wienert S, Poterie A, et al.
Standardized evaluation of tumor-infiltrating
lymphocytes in breast cancer: results of the ring
studies of the International Immuno-oncology
Biomarker Working Group. Mod Pathol. 2016;29
(10):1155-1164. doi:10.1038/modpathol.2016.109

47. Denkert C, von Minckwitz G, Brase JC, et al.
Tumor-infiltrating lymphocytes and response
to neoadjuvant chemotherapy with or without
carboplatin in human epidermal growth factor
receptor 2–positive and triple-negative primary
breast cancers. J Clin Oncol. 2015;33(9):983-991.
doi:10.1200/JCO.2014.58.1967

48. Shepherd JH, Ballman K, Polley MC, et al.
CALGB 40603 (Alliance): long-term outcomes and
genomic correlates of response and survival after
neoadjuvant chemotherapy with or without
carboplatin and bevacizumab in triple-negative
breast cancer. J Clin Oncol. 2022;40(12):1323-1334.
doi:10.1200/JCO.21.01506

Immune-Related Gene Expression Signatures vs Tumor-Infiltrating Lymphocytes in ERBB2/HER2-Positive Breast Cancer Original Investigation Research

jamaoncology.com (Reprinted) JAMA Oncology April 2023 Volume 9, Number 4 499

Downloaded From: https://jamanetwork.com/ on 09/27/2023

https://dx.doi.org/10.1016/S1470-2045(17)30904-X
https://dx.doi.org/10.1093/jnci/djab057
https://dx.doi.org/10.1093/jnci/djab057
https://dx.doi.org/10.1093/annonc/mdz047
https://dx.doi.org/10.1093/annonc/mdz047
https://dx.doi.org/10.1158/1078-0432.CCR-13-3368
https://dx.doi.org/10.1038/s41587-019-0114-2
https://dx.doi.org/10.1038/s41587-019-0114-2
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaoncol.2016.3824?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaoncol.2016.3824?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288
https://dx.doi.org/10.1200/JCO.20.01276
https://dx.doi.org/10.1200/JCO.2011.39.5624
https://dx.doi.org/10.1186/1755-8794-4-3
https://dx.doi.org/10.1016/j.ebiom.2021.103801
https://dx.doi.org/10.1016/S1470-2045(17)30021-9
https://dx.doi.org/10.1200/JCO.2018.36.15_suppl.509
https://dx.doi.org/10.1093/bioinformatics/bts635
https://dx.doi.org/10.1038/nmeth.4197
https://dx.doi.org/10.1186/1471-2105-11-94
https://dx.doi.org/10.1198/016214507000001120
https://dx.doi.org/10.1111/rssb.12244
https://github.com/afernan4/iGES_scores
https://github.com/afernan4/iGES_scores
https://dx.doi.org/10.1038/nmeth.3337
https://dx.doi.org/10.1093/jnci/dji237
https://dx.doi.org/10.1073/pnas.091062498
https://dx.doi.org/10.1200/JCO.2013.49.5283
https://dx.doi.org/10.1200/JCO.2013.49.5283
https://dx.doi.org/10.1016/S1470-2045(14)70320-1
https://dx.doi.org/10.1016/j.cell.2019.10.028
https://dx.doi.org/10.1093/jnci/djz042
https://dx.doi.org/10.1093/annonc/mdz076
https://dx.doi.org/10.1016/S1470-2045(20)30450-2
https://dx.doi.org/10.1016/S1470-2045(20)30450-2
https://dx.doi.org/10.1245/s10434-016-5173-8
https://dx.doi.org/10.1245/s10434-016-5173-8
https://dx.doi.org/10.1080/0284186X.2017.1403040
https://dx.doi.org/10.1038/modpathol.2016.109
https://dx.doi.org/10.1200/JCO.2014.58.1967
https://dx.doi.org/10.1200/JCO.21.01506
http://www.jamaoncology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaoncol.2022.6288

