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Abstract

Background: Inflammatory breast cancer (IBC) is a rare and understudied disease, with 40%
of cases presenting with human epidermal growth factor receptor 2 (HER2)-positive subtype.
The goals of this study were to (i) assess the pathologic complete response (pCR) rate of
short-term neoadjuvant dual-HER2-blockade and paclitaxel, (ii) contrast baseline and on-
treatment transcriptional profiles of IBC tumor biopsies associated with pCR, and (iii) identify
biological pathways that may explain the effect of neoadjuvant therapy on tumor response.
Patients and Methods: A single-arm phase Il trial of neoadjuvant trastuzumab (H),
pertuzumab (P), and paclitaxel for 16 weeks was completed among patients with newly
diagnosed HER2-positive IBC. Fresh-frozen tumor biopsies were obtained pretreatment (D1)
and 8days later (D8), following a single dose of HP, prior to adding paclitaxel. We performed
RNA-sequencing on D1 and D8 tumor biopsies, identified genes associated with pCR using
differential gene expression analysis, identified pathways associated with pCR using gene set
enrichment and gene expression deconvolution methods, and compared the pCR predictive
value of principal components derived from gene expression profiles by calculating and area
under the curve for D1 and D8 subsets.

Results: Twenty-three participants were enrolled, of whom 21 completed surgery following
neoadjuvant therapy. Paired longitudinal fresh-frozen tumor samples (D1 and D8) were
obtained from all patients. Among the 21 patients who underwent surgery, the pCR and

the 4-year disease-free survival were 48% (90% Cl 0.29-0.67) and 90% (95% CI 66-97%),
respectively. The transcriptional profile of D8 biopsies was found to be more predictive of pCR
(AUC=0.91, 95% CI: 0.7993-1) than the D1 biopsies (AUC=0.79, 95% Cl: 0.5905-0.9822).
Conclusions: In patients with HER2-positive IBC treated with neoadjuvant HP and paclitaxel
for 16 weeks, gene expression patterns of tumor biopsies measured 1week after treatment
initiation not only offered different biological information but importantly served as a better
predictor of pCR than baseline transcriptional analysis.

Trial Registration: ClinicalTrials.gov identifier: NCT01796197 (https://clinicaltrials.gov/ct2/
show/NCT01796197); registered on February 21, 2013.
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Introduction

Inflammatory breast cancer (IBC) is a unique and
aggressive form of locally advanced breast cancer
which remains relatively understudied. IBC
accounts for 2-5% of all invasive breast cancers
and is associated with a worse prognosis com-
pared with non-IBC.! Trimodality therapy, con-
sisting of neoadjuvant systemic therapy (and
anti-human epidermal growth factor receptor 2
(HER?2) agents for HER2-positive disease) fol-
lowed by total mastectomy and radiotherapy, is
the standard treatment approach for patients with
newly diagnosed nonmetastatic disease, followed
by endocrine therapy when indicated.2 However,
despite the aggressive treatment, survival out-
comes remain poor, with a 5-year overall survival
of less than 50%.!

The incidence of HER2-positive disease among
patients with IBC is two- to four-fold greater than
the incidence observed in non-IBC, and novel
therapies targeting HER2 have resulted in more
favorable outcomes among this subtype of IBC.2-3
In the neoadjuvant setting, dual-HER2-blockade
significantly enhances the rate of achieving a
pathologic complete response (pCR), a potential
marker for improved survival in individual
patients,® with ranges between 46% and 62%,
depending upon treatment regimens and dura-
tion of neoadjuvant therapy.”-® The prevalence of
HER2-positive disease among patients with IBC
and the recent availability of effective agents tar-
geting HER2 support investigation into the opti-
mal preoperative regimen for the treatment of
IBC and the identification of new biomarkers for
treatment benefit.

The search for predictive biomarkers in breast
cancer has benefited from the development and
application of next-generation sequencing tech-
nologies, including RNA-sequencing (RNA-
seq).? In clinical trials of early-stage
HER2-positive breast cancer, baseline gene
expression patterns distinguished tumors more
likely to respond to neoadjuvant therapy from
those that do not.!1-13 Importantly, these studies
highlighting biomarkers which may identify
tumors susceptible to specific neoadjuvant ther-
apy have not focused on IBC. Another limitation
of these studies is that the analysis of tumor tran-
scriptomes was only performed on the pretreat-
ment biopsy and do not take into account biologic
changes which occur in the tumor and tumor
microenvironment soon after the treatment has

begun. Neoadjuvant therapy in IBC allows for
easy access to on-treatment tumor samples (i.e.,
in the affected breast), thus providing a ‘window
of opportunity’ to observe both molecular heter-
ogeneity and subsequent changes in response to
therapy, which can aid in identifying new bio-
markers of disease response and resistance.

We conducted a single-arm phase II clinical trial
(NCTO01796197) of neoadjuvant trastuzumab,
pertuzumab, and paclitaxel for 16weeks in
patients with newly diagnosed HER2-positive
IBC (see the Protocol in the Supplemental File).
Translational analyses identifying changes in the
IBC transcriptome were performed on paired
longitudinal fresh-frozen tumor samples prospec-
tively obtained from the affected breast in each
patient. The primary objective of the study was to
estimate the pCR rate and the residual cancer
burden (RCB) using a regimen consisting of opti-
mal anti-HER2 therapy with a tolerable chemo-
therapy backbone. Secondary objectives included
assessing the impact of short-term neoadjuvant
dual HER2-blockade on the IBC transcriptome
and to determine whether these changes could be
used to distinguish patients who achieved a sub-
sequent pCR from those that had residual tumor
in the breast following completion of neoadjuvant
therapy.

Methods

Study design and patient population

We conducted a multi-institutional, single-arm
prospective phase II clinical trial in patients with
newly diagnosed HER2-positive IBC. This
included granting of consent for preplanned cor-
relative studies to be performed on two sequential
biopsies of the affected breast.

Eligible participants were 18 years of age or older
with newly diagnosed invasive breast carcinoma
and clinically confirmed IBC without evidence
of metastatic disease in viscera or bone (T4d,
stage III); distant nodal involvement only (stage
IV) was allowed. HER2 status was assessed by
immunohistochemistry (IHC) or fluorescence in
situ  hybridization, according to the 2013
American Society of Clinical Oncology/College
of American Pathologists guidelines.!* Good
performance status (Eastern Cooperative
Oncology Group performance status), left ven-
tricular ejection fraction (LVEF), assessed by
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1 week (wk)
HER2- positive
Inflammatory
Breast Cancer
(IBC) Trastuzumab and

Pertuzumab loading
dose (HP)

I

Day 1 (D1) Fresh-frozen
breast biopsy
(Pre-treatment)

I

Day 8 (D8) Fresh-Frozen
breast biopsy
(Post- treatment)

16 weeks

Weekly Paclitaxel + H;
P q3 weeks x 5 doses

I

Assess disease response:
PCR versus residual
disease (non-pCR)

Figure 1. Scheme of prospective single-arm phase Il clinical trial for newly diagnosed HER2-positive

inflammatory breast cancer.

AC, doxorubicin, cyclophosphamide; H, trastuzumab; pCR, pathologic complete response; RT, radiotherapy; wk, week.

either multigated acquisition scan or echocardi-
ogram, greater than or equal to 50%, and ade-
quate organ function were also required.

The primary objective was to estimate pCR rate,
defined as the absence of invasive disease in the
breast and axillary lymph nodes (ypTO0/is, ypNO),
following neoadjuvant therapy with trastuzumab
(H) and pertuzumab (P) in combination with
16 weeks of paclitaxel (T). RCB was also
assessed.!> Secondary objectives included toxic-
ity assessment of protocol therapy, clinical out-
comes, and correlative tissue analysis. Clinical
outcomes included event-free survival (EFS),
defined among all patients as the time from treat-
ment initiation until disease progression, recur-
rence, or death; disease-free survival (DFS)
defined among patients who underwent surgery
as the duration from surgery until disease recur-
rence or death; or censored at the last time of
follow-up.

Treatment plan

Participants received a loading dose of neoadju-
vant trastuzumab (4mg/kg IV) and pertuzumab
(840mg IV, both drugs supplied by Genentech,
San Francisco, CA, USA) on day 1 (D1), fol-
lowed by the initiation of chemotherapy with
weekly paclitaxel (80mg/m?2 IV) on day 8 (D8).
Paclitaxel was given weekly for a total of 16 weeks
and was administered with weekly trastuzumab
(2mg/kg IV). Pertuzumab (640 mg IV) continued
every 21 days for five cycles beginning on D1. The
treatment scheme is outlined in Figure 1.
Following the completion of neoadjuvant pacli-
taxel, trastuzumab, and pertuzumab (THP),

participants whose disease was deemed operable
proceeded to total mastectomy and complete axil-
lary lymph node dissection. Following surgery,
participants with residual disease found at the
time of surgery were treated with doxorubicin
(60mg/m? IV) and cyclophosphamide (600 mg/m?
IV) (AC) chemotherapy every 2—-3 weeks for four
cycles. Those participants who achieved a pCR
following THP could elect to omit AC per physi-
cian and participant preference. Postmastectomy
maintenance trastuzumab (6 mg/kg IV) and pertu-
zumab (640mg IV) were administered every
21days for an additional 12 cycles to complete a
total of 12months of anti-HER2 therapy.
Postmastectomy radiation therapy to the chest
wall and regional lymph nodes and endocrine
therapy [in participants with estrogen receptor
(ER) and/or progesterone receptor (PR) positive
disease] were given per standard of care.

Sample collection and analyses

All participants were required to undergo two
research tumor biopsies of the affected breast
using a 14-gauge core needle, obtaining four to six
core specimens. Biopsies were obtained prior to
starting neoadjuvant therapy (D1), and again
8days following the loading dose of HP (DS8).
Fresh tumor tissue was immediately embedded in
optimal cutting temperature solution to ensure tis-
sue integrity and stored at —80°C at the DF/HCC
Core Blood and Tissue Bank. Tumor specimens
from D1 and D8 were assessed for tumor cellular-
ity and scored for the proportion of stromal tumor-
infiltrating lymphocytes (TTLs) using H&E-stained
slides from frozen sections. The proportion of
TILs was scored as low (0-10%), intermediate
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(11-59%), and high (=60%) based upon the
International TILs Working Group Guidelines.!°
CelTIL score, which considers tumor cellularity
in addition to TILs, was also assessed in paired
breast biopsies from D1 and D8.17

RNA-seq library preparation and sequencing
RNA-seq was performed on tumor tissue obtained
from both the pretreatment breast biopsy (D1)
and 8days following the single loading dose of
HP (D8). To optimize the quality of RNA, a ribo-
depletion library preparation method was used to
remove rRNA. Gene expression profiles were
generated by mRNA sequencing using Illumina
NextSeq 500 Paired-End 75bp (PE75). Briefly,
mRNAseq libraries were made from total RNA
using the Illumina Stranded total RNA prepara-
tion kit and sequenced on an Illumina NextSeq
500 Paired-End using a 2 X 75pb configuration
with an average of 56 million (M) reads per sam-
ple (range 15-91 M).

RNA-seq analysis

Gene-level counts were generated using bulk
RNA-seq pipeline in bcibo-nextgen framework.!8
Specifically, reads were aligned with STAR!® to
the hg38 reference genome, and the alignments
were used to create quality control (QC) reports
using metrics from samtools,?° qualimap (http://
qualimap.bioinfo.cipf.es/), fastqc (https:/www.
bioinformatics.babraham.ac.uk/projects/fastqc/),
multiqc,?!  (https://multigc.info/), and STAR.
Then, salmon?2 was used to pseudo-align the raw
reads and to quantify transcript-level expression
counts against hg38/ensembl v94 transcriptome
reference. Transcript-level counts were combined
into gene-level counts with tximport.2?> Quality
control and differential expression analysis were
performed using R [R Core Team (2021)],
tidyverse,2* DESeq2,2> DEGreport (http://lpan-
tano.github.io/DEGreport/), and ggrepel. For
ROC analysis, the R package pROC was used.2°
ggplot227 (https://ggplot2.tidyverse.org), ggplo-
tify  (https://github.com/GuangchuangYu/ggplo-
tify), and pheatmap (https://cran.r-project.org/
web/packages/pheatmap/index.html) were uti-
lized for visualization. For functional analysis
GSEA,?%:2° FARDEEP,*® and clusterprofiler3!
were utilized. The source code for all analyses
and QC reports are available as a GitHub reposi-
tory (https://github.com/hbc/overmoyer2021_
RNAseq_analysis_of_inflammatory_breast_can-
cer_hbc04141).

Comprehensive quality control of RNA-seq data
was performed exploring the following metrics:
total read number, mapped reads, number of
genes detected, gene detection saturation, exonic/
intronic mapping rate, rRNA content, 5’3’ bias,
counts per gene, and counts per protein coding
gene. Intercorrelation between all samples was
also performed, including covariates analysis,
mean variants QC plots, and size factor QS. All
but one sample were suitable for a robust down-
stream differential expression analysis.

Differential gene expression and pathway
enrichment

Differential gene expression scores were computed
using DESeq2 1.30.1,%> with the exact parameter
settings specified in the GitHub repository (https://
github.com/hbc/overmoyer2021_RNAseq_analy-
sis_of_inflammatory_breast_cancer_hbc04141).
Differential expression models included the biopsy
timepoint (D1/D8), response (pCR/non-pCR),
ER status, tumor purity of the samples (high purity
versus low purity), and date of library preparation
factors. We identified differentially expressed (DE)
genes for every factor and compared the strength
of DE signal associated with response (pCR wersus
non-pCR) compared to all others. We used stan-
dalone GSEA 4.1.0 with MSigDB.v7.4 for the
pathway enrichment analysis. Specifically, we
examined the list of 50 cancer hallmarks (https:/
www.gsea-msigdb.org/gsea/msigdb/collections.
jsp#H), 6290 curated pathways (https:/www.
gsea-msigdb.org/gsea/msigdb/collections.jsp#C2),
and 14,998 gene sets covering the space of Gene
Ontology (GO) terms (https://www.gsea-msigdb.
org/gsea/msigdb/collections.jsp#C5).

Statistical considerations

The primary endpoint was pCR rate after neoad-
juvant therapy with TPH for 16 weeks in patients
with newly diagnosed HER2-positive IBC and to
assess the RCB following neoadjuvant therapy.
Participants were enrolled using a single-arm,
two-stage Simon minimax design. This regimen
would be declared worthy of further study if
>7/27 pCR were observed (<15% wversus =40%;
target one-sided aa=0.05, power=0.90). In con-
sideration of the one-sided aa=0.05 design, the
pCR rate with two-sided 90% confidence interval
(CI) that accounted for the two-stage design was
reported3?; two-sided exact binomial CI was
reported for the RCB rate. Up to 30 participants
were planned to be enrolled, allowing up to three
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Table 1. Baseline patient and tumor characteristics and distribution of pathologic disease response at

surgery, according to RCB.®

Characteristic

Total N=23

Age, median (range)

Hormone receptor status

4L8years (32-74)

Negative 11 (48%)

Positive 12 (52%)
Clinical stage (cT4d)3

1B 16 (70%)

1HC 6 (26%)

I\ 1 (4%)

Pathological response
RCB 0 (pCR])
RCB-I
RCB-II

RCB-III
NA

Rate (#/23 pts) %

10 (43%; 90% Cl 26-62)
7 (30%; 90% CI 15-50)
1 (4%; 90% CI 0.2-19)

3(13%; 90% CI 4-30)
2 (9%])

Rate (#/21 pts)* %

10 (48%; 90% CI 29-67)
7 (33%; 90% CI 17-54)
1 (5%; 90% CI 0.2-21)

3 (14%; 90% Cl 4-33)

Hormone receptor-negative - estrogen and progesterone receptor-negative; Hormone receptor-positive - estrogen and/or

progesterone receptor-positive.
“Evaluable patients who underwent surgery.

NA, not assessed; pCR, pathologic complete response; pts, participants; RCB, residual cancer burden.

participants not evaluable for the pCR endpoint.
Enrollment was stopped after 23 participants
because >7 pCRs had been observed (the null
hypothesis of 15% pCR rate could be rejected)
and because during the enrollment period, the
efficacy of the addition of neoadjuvant pertu-
zumab for HER2-positive breast cancer was
established. All participants who initiated the pre-
operative treatment were considered as evaluable
for the treatment endpoints. Kaplan—Meier esti-
mates of 4-year EFS and DFS were reported.

Results

Clinical outcomes

Between August 2013 and June 2018, a total of
23 eligible women with newly diagnosed HER2-
positive IBC were enrolled in a multi-institutional
trial (Dana-Farber Cancer Institute, University of
Michigan). Thirty-one patients were originally
screened and eight were found to be ineligible
due to the presence of visceral metastatic disease.

The median age was 48 years (range, 32—74 years)
and 48% of participants had hormone receptor
(HR)-negative (ER-negative and PR-negative)
disease (Table 1). All participants presented with
stage III disease, except one patient with de novo
metastatic disease (stage IV) by virtue of distant
nodal involvement only. Matched tumor biopsies
of the affected breast (D1 and D8) were obtained
in all 23 participants. Twenty-one participants
underwent total mastectomy and axillary lymph
node dissection following completion of neoadju-
vant THP; one participant received 12weeks of
THP, then declined further therapy because of
travel distance and one developed central nervous
system (CNS) metastasis after completing
16weeks of treatment and did not proceed to

surgery.

The majority of the 23 participants (96%) com-
pleted 15-16weeks of preplanned neoadjuvant
treatment with THP. There were four grade 3
adverse events, three of which occurred in one
participant (hyperglycemia and acute kidney
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Figure 2. Changes in TILs in tumor biopsy samples obtained pretreatment (D1) and post-dual HER2-blockade (D8). (a)
Representative H&E images from frozen sections of selected cases with an increase, decrease, or no changes in TlLs levels. (b)
Percent of TILs by response at baseline (pretreatment, D1) and post-dual HER2 blockade (D8); *p=0.0415. Unpaired one-tailed t-

test. (c) Individual changes in TIL infiltration between baseline (pretreatment, D1) and post-dual HER2 blockade (D8) *p=0.0333 and

(d) according to hormonal receptor status and pathologic response by RCB (n=21 independent paired patient samples). Two-way
analysis of variance with Fisher’s Least Significant Difference (LSD) test.
ER, estrogen receptor; pCR, pathologic complete response; TIL, tumor infiltrating lymphocyte.

injury following diarrhea) and one event (diar-
rhea) occurred in another participant. Two par-
ticipants developed asymptomatic reductions in
LVEF of greater than 10% during the mainte-
nance phase of HP: after 10 cycles and 11 cycles,
respectively. There were no grade 3 or higher epi-
sodes of neuropathy or cardiac toxicity and no
grade 4-5 adverse events were observed.

Of the 23 participants who initiated therapy,
10/23 (43%; 90% CI 0.26-0.62) achieved a pCR
(RCB-0) and 7/23 (30%; 90% CI 0.15-0.50) had
RCB-I residual disease. No significant differences
were observed between the HR-positive (ER and/
or PR-positive)/ HER2-positive and HR-negative/
HER2-positive populations. Among the 21 par-
ticipants who underwent surgery, 48% (90% CI
0.29-0.67) achieved a pCR, 6 of whom did not
receive AC post-surgery (Table 1). After a median
follow-up of 5.2years, there were three deaths
(13%), two related to disease progression. Among
all 23 participants, there were four events: one
developed disease progression in the CNS prior
to surgery, two experienced IBC recurrence (at
3.7 and 1l.lyears since study entry; neither

participant achieved a pCR and both received
postoperative AC chemotherapy), and one died
of renal failure unrelated to IBC. The 4-year EFS
was 86% (95% CI, 63-95%). Of the 21 partici-
pants who underwent surgery, the 4-year DFS
was 90% (95% CI, 66-97%).

TILs analysis

TILs were assessed at baseline (D1) and at D8 in
22 (96%) and 23 (100%) participants, respec-
tively. Among the D1 biopsy specimens, 20
(91%) had low levels, 2 (9%) had intermediate
levels, and none had high levels of TILs.
Following the single loading dose of HP, 10
biopsy specimens (45%) had an increase in TILs,
6 (27%) had no change, and 6 (27%) had a
decrease in the level of TILs [Figure 2(a)]. TIL
level at baseline was not associated with pCR.
However, increased TIL levels at D8 were sig-
nificantly associated with pCR (p=0.0415)
[Figure 2(b) and (c)]. No significant differences
were observed in pre- and posttreatment TILs
levels when stratifying by HR status and patho-
logic response [Figure 2(d)].

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

S Pernas, JL Guerriero et al.

b c
(O == ([ o, e ] m - ( ) ( ) Response $3715.2
R . mor perceniage -60 @ Non-pCR ’
[ W ER status 4261 1
— — |
treatment ‘ ® pCR
$4261-1 2
84205-5
$3688-2 304
83697-3
$3372-1 8 5% 830 . 53238 _1 .
83732-1 ; 318 [
e % 9 104_1 5 L 2 874 2
S3424-1 = 33013 =
[ | $3282-3 @ ® "y
$3374-2 > 0 08g_1 > 53825
$3477-1 =2 4438 R $3697.
S3582-4 H - s3688_2 - $3637_3
53741-3 = e 33563 3 s
$4089-1 & 34743 &
S4136-1 U O
83728-3 o o ()
[ | 83184-3 -30— b
Sét1da-2 s394 3
83837-2 =
535633 3822 1534131 -30+ 1
o Response 3725 1208 5
$3715-2 ® Non-pCR - 4
ST 60 gprR
ot \ T T 1 T T
et 0o 50 -50 0o 50
54249-1 PC1:19% variance PC1:19% variance
838161
338251 L AN 40N ke e e e e e e e
S3189-2 (d) o 100 i .
536441 o ! [
531904 g -
532341 c
Er 5 ! Treatment
53291-3 S 75l - i @ pre
841721 [i] 1
54176-3 o P : @ post
$4047-1 [} !
$4086-1 2 P
§3652-1 %‘ 1 :
531862 -
S3103-1 EIC_) 50 '
8 ) Coo
88 2 ! .
41 = R
date run tumor percentage ERstatus  response treatment S 25
20180228 [ high [ negative [ Non-pCR | post = !
20180301 [ low positive [ pCR pre = w
= L
20180323 109 08 0.7 06 05 04 g : PRE AUC: 0.79
s 08 0706 03 0. A i POST AUC: 0.91

0 \ \ T T
0 25 50 75 100
100% Specificity: False Positive Percentage

Figure 3. The signal distinguishing responders and nonresponders is stronger in post-dual-HER2 blockade (D8) data. (a) Pairwise
similarities between all 23 patients, computed using the top 1000 most variable genes. Individual cells of the heatmap show Pearson
correlation values. Rows and columns are annotated with patient IDs. The columns are augmented with metadata describing the
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ER, estrogen receptor; pCR, pathologic complete response.

Gene expression profiles between pCR and
non-pCR

When considering D1 and D8 gene expression
data together, we observed no apparent batch
effects associated with the date of sequencing,
tumor percentage, HR status, and whether the
biopsy was collected on D1 or D8 [Figure 3(a)].
We also saw no clear separation between patients
who achieved a pCR and those with residual dis-
ease (non-pCR) in the top 1000 most-varying
genes of the joint dataset, suggesting that differ-
ent mechanisms may be involved in distinguish-
ing pCR and non-pCR in pre- and post-dual
HER?2 blockade. We therefore examined mRNA
profiles of D1 and D8 biopsies separately, by
performing principal component analysis (PCA)
on each set of samples [Figure 3(b) and (c)).
Importantly, PCA computes directions of most
variance in the data while being blinded to

whether individual samples are pCR or non-
pCR. We observed that in both cases, the second
highest direction of variance (principal compo-
nent) aligns with the signal that distinguishes the
two groups of patients (y-axis in Figure 3(b) and
(c)). We ranked patients along the second prin-
cipal component and constructed receiver oper-
ator curves (ROC) that report the trade-off
between true and false positives [Figure 3(d)].
Area under the ROC curves (AUC) can then be
interpreted as the probability that a pCR patient
would be correctly ranked above a non-pCR by
the corresponding ranking. We observed that the
ranking of patients based on D8 data produced a
more accurate distinction between pCR and
non-pCR patients [AUC=0.91, 95% CI:
0.7993—-1 (Del.ong)] than the ranking based on
D1 data [AUC=0.79, 95% CI: 0.5905-0.9822
(DeLong)], ROC test p-value=0.23.
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pCR, pathologic complete response.

To gain further insight into molecular mechanisms
that distinguish patients with a pCR from those with
residual disease, that is, non-pCR, we performed
differential gene expression on D1 and D8 data
separately. Only two genes in the D1 data were DE
under a false discovery rate threshold of 0.01 [Figure
4(a)]. Consistent with the above result, we observed
many more genes that were DE in mRNA profiles
of D8 biopsies [Figure 4(b)], indicating again that
the signal distinguishing pCR from non-pCR is
stronger post-dual HER2 blockade. Among the top
genes were markers of adaptive immunity (T cells,
CD4 and CDS8), innate immunity (macrophages,
CD68), and antigen presentation (HLA-DPAI,
HIA-DRA), suggesting that the immune cell com-
position of the tumor microenvironment could play
a role in whether a patient achieves pCR.34-36

We applied Gene Set Enrichment Analysis to D8
transcriptional profiles using gene sets associated
with cancer hallmarks, curated pathways, and
GO terms from the Molecular Signatures
Database (See Methods section). The analysis
revealed 13 hallmarks, largely related to immune
signaling and apoptosis, that were significantly
(adjusted p value<0.05) upregulated in pCR
tumors [Figure 5(a)]. Among curated pathways
and GO terms, we observed that a number of
pathways related to ERK and PI3K signaling

were increased in those who achieved pCR
[Figure 5(b)]. The most striking differences
between pCR and non-pCR were related to the
tumor microenvironment, with increased activity
in pathways related to both adaptive and innate
immunity, as well as antigen presentation in
patients with pCR [Figure 5(b)]. No gene sets
were found to be significantly (adjusted p
value <0.05) upregulated in non-PCR tumors.
Assessment of individual genes revealed increased
expression related to adaptive immunity, includ-
ing CD8A, CD8B, GZMA, GZMH, GZMK,
PRF1, CD4, FOXP3, LAG3, TNFa, and IFN«
[Figure 5(c)]. Similarly, pCR tumors presented a
robust increase in tumor-associated macrophages
(CD68 and CD163), as well as chemokines,
cytokines, and associated receptors related to
innate immunity [Figure 5(b) and (d)]. The
expression of PD-L1 (cd274) and genes associ-
ated with antigen presentation were also increased
in tumors associated with pCR [Figure 5(d) and
(e)]. While dendritic cells may be involved in
antigen presentation, we observed no difference
in expression for genes associated with this cell
type between pCR and non-pCR tumors at D8
[Figure 5(d)]. Taken together, analysis of D8
transcriptional profiles suggests activation of an
antitumor immune response, including both
innate and adaptive immunity.
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Figure 5. Evaluation of tumor cell intrinsic and immune related genes and signatures. (a) Hallmark gene sets enriched in tumors

with pCR compared to non-pCR at D8 (post-dual HER2 blockade), with an adjusted p-value <0.05. (b) Curated pathways and GO
terms related to tumor cell intrinsic signaling, adaptative and innate immune response, and antigen presentation that are enriched
in tumors with pCR compared to non-pCR at D8. All g values are below 0.05. (c-e) Raw expression of individual genes. Statistical

analyses were performed using two-tailed unpaired t-test. Error bars represent =SEM.

*p < 0.05. **p<<0.01. ***p < 0.001. ****p <0.0001.
pCR, pathologic complete response.

To further investigate the immune cell composi-
tion in the tumor microenvironment, we applied
FARDEEP?? to enumerate immune cell subsets
from whole tumor tissue samples, based on the
LLM22 signature matrix characterizing 22 immune
cell types. The choice of FARDEEP over other
deconvolution methods was motivated by its
robust performance in a recent benchmarking
study.?” Deconvolution of immune cell types
revealed significant differences in the presence of
CD8+ T cells, T regulatory cells, and mac-
rophages between pCR and non-pCR tumors
[Figure 6(a) and (b)].

Discussion

Our study shows that a single loading dose of dual
HER2-blockade with pertuzumab and trastu-
zumab in patients with newly diagnosed HER2-
positive IBC induces significant changes in gene
expression patterns which can be used to distin-
guish tumors that will achieve a pCR after

neoadjuvant systemic therapy. A pCR following
neoadjuvant therapy has been shown to be a pre-
dictor of favorable clinical outcomes among
HER2-positive breast cancer in general® and,
more specifically, among patients with IBC.3® The
results presented here suggest that an assessment
of the tumor transcriptome shortly after treatment
initiation (i.e., l1week following dual HER2-
blockade) captures pharmacodynamic changes
that occur early with neoadjuvant therapy and can
serve as a mechanism of identifying patients with
responsive tumors likely to achieve a pCR.

The current study focused on a unique patient
population, generally excluded from clinical trials,
and in whom neoadjuvant systemic therapy is
extrapolated from clinical trials primarily involv-
ing patients with non-IBC. Both the NeoSphere?-39
and TRYPHAENA® trials which evaluated neo-
adjuvant dual HER2 blockade with pertuzumab,
trastuzumab, and chemotherapy enrolled only
6—7% of patients with IBC. Our study exploited
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Figure 6. Deconvolution of tumor infiltrating immune cells. FARDEEP was used to enumerate immune cell subsets from whole
tumor tissue samples using the LM22 signature matrix. (a) Relative cell proportions and (b) absolute cell scores are shown.
Distributions of several selected cell types are plotted by relative (c) and absolute (d) values. Statistical analyses were performed

using two-tailed unpaired t-test. Error bars represent =SEM.
*p < 0.05. **p < 0.01. ****p < 0.0001.

the exquisite sensitivity? of HER2-positive IBC to
anti-HER?2 therapy and designed a highly tolera-
ble neoadjuvant therapy with single-agent weekly
paclitaxel in combination with dual HER2-
blockade provided by trastuzumab and pertu-
zumab. Our pCR rate of 48% among those
participants who had surgery is higher than the
pCR rate obtained in the chemo-intensive (*tras-
tuzumab) phase III NOAH trial (38%); the only
neoadjuvant trial for HER2-positive breast cancer
that included enough patients with IBC to enable
a subset analysis.*! In our study, no significant dif-
ferences were observed in terms of pCR between
the HR-positive/HER2-positive and HR-negative/
HER2-positive populations, most likely due to
our small sample size. Of note, the relatively high
pCR and DFS observed in our study may be

somewhat surprising given the traditionally poor
prognosis of this population. However, the overall
survival of HER2-positive IBC has improved over
the past decades compared with other subtypes of
IBC, driven by the advent of novel anti-HER2
therapies.>*? For example, the addition of trastu-
zumab to neoadjuvant chemotherapy in the
NOAH trial resulted in a 30% increase in the
5-year OS in the IBC subset.*! The favorable clin-
ical outcomes seen in our study add support for
the application of neoadjuvant dual-anti-HER2
therapy for HER2-positive IBC.

On-treatment tumor information has been shown
to be useful for endocrine therapy response in
HR-positive, HER2-negative non-IBC. Breast
cancers with high Ki67 levels (>10%) at 2 or
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4weeks after initiating neoadjuvant endocrine
therapy exhibit resistance to endocrine treat-
ment.*3 Additionally, changes in gene-expression
signatures between pretreatment and on-treat-
ment tumor biopsies of HR-positive, HER2-
negative disease were better indicators of response
to endocrine therapy than gene expression signa-
tures of pretreatment tumor biopsies alone.43:44
Several studies have also evaluated gene expres-
sion changes in non-IBC during the administra-
tion of neoadjuvant chemotherapy.¥47 Within
the IBC population, baseline gene expression pro-
files, mainly involving genes related to T cell cyto-
toxic immune response, have been correlated with
achieving pCR to neoadjuvant chemotherapy.*8 In
HER2-postive breast cancer, studies evaluating
neoadjuvant chemotherapy in combination with
dual HER2-blockade have demonstrated an asso-
ciation of specific baseline tumor characteristics or
pretreatment gene expression signatures, such as
HER2-enriched molecular subtype and immune
signatures, with subsequent pCR.11-13:4° However,
very few studies have included patients with
HER2-positive IBC. Our study is unique in this
setting, in that it assesses early on-treatment
changes using paired fresh-frozen tumor biopsies
collected at baseline (pretreatment) and following
the initial loading dose of dual-HER2-blockade
(8days) Our study demonstrates that gene
expression patterns measured approximately
1week after treatment initiation not only offer dif-
ferent biological information but, importantly,
serves as a superior predictor of pCR compared to
baseline transcriptional analysis. Demonstration
of upregulation of antitumor immunity following
one dose of dual HER2-blockade, spanning both
innate and adaptive immunity, including increased
expression of genes related to antigen presenta-
tion, cytokines, and chemokines, may be a strong
determinant of pCR for this underrepresented
subtype of breast cancer. CD8+ T cells that
express effector molecules granzyme and perforin,
as well as TNFa, and IFNa are suggestive of
enhanced antitumor activity. The increase in
FoxP3, PD-L1, and LAG3 is generally associated
with immune suppression in the context of cancer
therapy and may be representative of both
increased immune infiltrates and potentially a new
avenue for immune modulatory combinations to
reverse the nature of the suggested suppressed,
but actionable tumor microenvironment of
IBC.3%50 Likewise, a robust increase in the pres-
ence of tumor associated macrophages was identi-
fied in pCR tumors. While tumor-associated
macrophages can either function as pro-tumor or

antitumor, the observed robust increase in antigen
presentation signaling and pathways suggests acti-
vation of both CD8+ and CD4+ T cells in the
context of antitumor immunity. A higher TIL
count and a higher expression of immune signa-
tures have been associated with higher rates of
pCR following neoadjuvant anti-HER?2 therapy in
both IBC and non-IBC.1751:52 We could not con-
firm an association between TIL levels nor Cel TTL
score determined at baseline (D1) and pCR; how-
ever, increased infiltration of TILs at D8 was sig-
nificantly associated with pCR (p=0.0415).

This study has several limitations. A single-arm
study does not have the benefit of a comparison
control group; therefore, it cannot specifically
answer the question of whether our findings are
specific for IBC or associated with the administra-
tion of dual anti-HER2-blockade (HP) or the com-
plete treatment regimen (THP). The small sample
size restricts overinterpretation of the identification
of specific transcriptome profiles associated with
subsequent pCR, especially with regard to differen-
tiating between the HR-positive and HR-negative
subsets. Additionally, an analysis of protein expres-
sion by IHC of the gene sets enriched in the tumors
achieving a pCR would have strengthened the find-
ings of our study. Unfortunately, the underlying
pathology of IBC, that is, the predominance of
tumor cells localized within breast tissue lymphatic
channels, is very challenging and limits the amount
of adequate neoplastic tissue for scientific assess-
ment. We chose gene expression over IHC in our
study, utilizing the tissue samples with substantial
tumor cells present. Thus, there were very few sam-
ples with enough tumor to ensure a valuable assess-
ment of both analyses, IHC and RNA-seq. We
intend to focus on a confirmatory assessment using
IHC in our future IBC studies. Despite these limi-
tations, this was a prospective, phase II clinical trial
specifically designed for patients with a rare form of
breast cancer, underrepresented in clinical trials,
yet possessing a unique biology that renders it more
aggressive than non-IBC. Moreover, the results
presented here covered preplanned analyses of
paired frozen tumor biopsies [pretreatment (D1)]
and post-dual anti-HER2 therapy (D8) prospec-
tively obtained in all 23 patients with 95.6% of the
collected samples being evaluable for the correla-
tive studies.

The results of our study are hypothesis generat-
ing, rather than definitive, but further support the
potential value of early on-treatment tumor sam-
pling to identify dynamic changes in gene
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expression that may correlate with disease
response and may allow earlier modifications to a
more effective therapy. Additionally, these results
elucidate the role of the immune microenviron-
ment in response to HER2-targeted therapy
which may have implications for considering
immune modulatory interventions to improve
clinical outcomes for this unique patient
population.
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