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Abstract

Approximately 40% of patients with stage I-111 triple-negative breast cancer (TNBC) recur after
standard treatment, while the remaining 60% experience long-term disease-free survival (DFS).
There are currently no clinical tests to assess the risk of recurrence in TNBC patients. We
previously determined that TNBC patients with major histocompatibility complex class I1
(MHCII) pathway expression in their tumors experienced significantly longer DFS. To translate
this discovery into a clinical test, we developed an MHCII Immune Activation assay, which
measures expression of 36 genes using NanoString technology. Preanalytical testing confirmed
that the assay is accurate and reproducible in formalin-fixed paraffin-embedded (FFPE) tumor
specimens. The assay measurements were concordant with RNA-seq, MHCII protein expression,
and tumor infiltrating lymphocyte counts. In a training set of 44 primary TNBC tumors, the
MHCII Immune Activation Score was significantly associated with longer DFS (HR =0.17, P =
0.015). In an independent validation cohort of 56 primary FFPE TNBC tumors, the Immune
Activation Score was significantly associated with longer DFS (HR = 0.19; P = 0.011)
independent of clinical stage. An Immune Activation Score threshold for identifying patients with
very low risk of relapse in the training set provided 100% specificity in the validation cohort. The
assay format enables adoption as a standardized clinical prognostic test for identifying TNBC
patients with a low risk of recurrence. Correlative data support future studies to determine if the
assay can identify patients in whom chemotherapy can be safely de-escalated and patients likely to
respond to immunotherapy.
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Precis:

The MHCII Immune Activation assay identifies TNBC patients with a low risk of recurrence,
addressing a critical need for prognostic biomarker tests that enable precision medicine for TNBC
patients.
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Introduction

Triple negative breast cancer (TNBC) is a clinical subtype of invasive breast cancer that is
defined by the absence of standard markers used for prognosis and treatment decisions
(Estrogen receptor (ER), Progesterone receptor (PR), and HER2). TNBC is notable for its
aggressive behavior and high rates of local and distant recurrence (1). TNBC patients are
treated with local therapy and cytotoxic chemotherapy. Patient outcomes are disparate.
Approximately 42% of patients experience rapid relapses with a peak at three years from
diagnosis, while the remaining 58% of patients have long-term disease-free survival (DFS)
(2). Physicians cannot currently predict which patients will relapse, even after intensive
chemotherapy, and which patients will have long-term disease-free survival and might do
equally well with de-escalation of their chemotherapy regimen. Currently, most TNBC
patients are treated with aggressive chematherapy, which can result in serious long-term
toxicity including permanent peripheral neuropathy, cardiac toxicity, and secondary
malignancies (3-8). A current goal of the TNBC biomarker field is to develop clinical tools
that can be used to identify patients who do not require aggressive treatment and can be
spared the associated toxicities.

We recently reported that expression of the major histocompatibility complex Class Il
antigen presentation pathway (MHCII) in TNBC tumor cells is significantly associated with
long-term DFS (9). Further, high MHCII expression in tumor cells was associated with the
presence of tumor-infiltrating lymphocytes (TILs) (9), which are known to be associated
with good prognosis in patients with TNBC (10-14). An independent research team
performed IHC on 681 TNBC patient tumors and confirmed that high expression of MHCII
in tumor cells was associated with large amounts of tumor infiltrating CD4 and CD8 positive
T cells, and longer disease-free survival (15). Mouse studies have shown that MHCI|I
expression on tumor cells triggers T cell recruitment and inhibits tumor progression (16-23).
A standardized method for the morphologic evaluation of TILs in patient tumor samples has
been developed, but has not entered routine clinical practice (24,25). Although promising,
broad clinical implementation of this method may be limited by pathologist training, inter-
observer variability, and time required for assessment (26). Furthermore, this approach does
not discern lymphocyte subsets or T cell activation states (24,25).

Although histologic assays for several MHCII proteins and TIL counting could be combined
to develop diagnostic criteria, the process would be complex. Historically, multiplexed
immunohistochemistry (IHC) assays (e.g. IHC4) have not performed as well as multiplexed
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gene expression assays (27,28). Compared to traditional pathologic scoring systems, a
multiplexed gene expression test can measure the expression of many genes in the MHCII
pathway, quantify TIL markers simultaneously, and has a larger dynamic range of
measurements with finer resolution.

In routine clinical practice patients’ tumors are collected and processed as formalin-fixed,
paraffin-embedded (FFPE) tissues, which results in significant degradation of mMRNA (29).
PCR was the first technology used to demonstrate that small fragmented RNA transcripts
could be recovered from FFPE tissue and used to accurately quantify gene expression in
breast tumors (30). This enabled the development of the first gene expression prognostic
assay for patients with hormone receptor positive (HR+) breast cancer (Oncotype Dx) (31).
There are now several gene expression assays that are indicated for use in patients with HR+
breast cancer (32-37); however, there are no clinically validated assays available for patients
with TNBC.

The NanoString nCounter platform is an alternative method for measuring gene expression
in clinical FFPE specimens. NanoString nCounter technology is unique in that it measures
RNA directly without amplification or cloning, which eliminates the biases that can be
introduced by other PCR or sequencing-based methodologies (38,39). One clinical
prognostic test for HR+ breast cancer (Prosigna) utilizes NanoString technology (32,37,40).
NanoString obtained a CE Mark for its Prosigna assay in 2012, followed by U.S. Food and
Drug Administration (FDA) clearance in September 2013. Prosigna is now included in
clinical oncology guidelines for the management of HR+ breast cancer (41) and is
performed in qualified clinical laboratories around the world. In this study, we leveraged this
previous success in clinical assay development on the NanoString nCounter platform to
develop an assay for MHCII and TIL gene expression that could be used to assess prognosis
in TNBC patients.

Materials and Methods

NanoString Probe Design

A custom panel of probes for measuring expression of 36 genes on the NanoString nCounter
platform was designed. Probe sequences were compared to RNA-seq data from TNBC
tumors (9) to confirm that mRNA isoforms in TNBC would be detected by the probe
sequences, and redesigned as necessary. The probe sequences were then synthesized by
Integrated DNA Technologies, Inc. The probe A oligos were HPLC purified and the Probe B
oligos were PAGE purified. The full sequence of the probes is provided in Supplementary
Table 1.

NanoString nCounter Assay

We used NanoString nCounter Elements™ TagSets and Master Kits to develop the assay.
Custom gene-specific oligonucleotide probes (Probe Sequence in Supplementary Table 1)
were produced by IDT (Integrated DNA Technologies, Coralville, IA). Hybridization and
counting were performed according to the manufacturer’s specifications. Briefly, gene-
specific probes were hybridized with NanoString Elements™ TagSets and RNA at 67°C for

Cancer Res. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stewart et al. Page 4

24 hours. After hybridization, samples were transferred to the automated nCounter Prep
Station for purification and immobilization onto the sample cartridge. After sample
preparation was complete, the sample cartridge was transferred to the nCounter Digital
Analyzer for imaging and analysis. All samples were analyzed using the maximum
resolution setting (555 images per sample).

Approval for use of patient specimens

Approval for the use of archival tissue specimens was granted by Institutional Review
Boards at the University of Utah and the University of Kentucky. The research was
conducted in accordance with recognized ethical guidelines including the U.S. Common
Rule. Written informed consent was obtained for fresh frozen tissue collections. For
previously collected archival FFPE blocks, the IRBs waived the requirement for informed
consent.

RNA from frozen tissues

RNA remaining from frozen tissue collected for previous studies was used (9,42). The RNA-
seq data from these samples are publicly available through GEO Accession GSE58135. For
the comparison of frozen and FFPE sections from the same tumor, frozen breast cancer
specimens were obtained from the University of Kentucky Markey Cancer Center
Biospecimen Procurement and Translational Pathology Shared Resource Facility (BPTP
SRF). These tissues were collected from breast surgical specimens under IRB protocols #
04-0454 and 11-0750. Fresh frozen breast tissues were embedded in Tissue-Tek O.C.T.
Compound (Sakura Finetek, Torrance, CA) and sectioned at —20° C on a cryostat. An initial
4 um tissue section was cut and stained using H&E (hematoxylin and eosin) so that tumor
cellularity could be assessed by a pathologist. Only cases with >10% tumor cellularity were
included. After assessing the H&E slide, a pathologist cut an additional 10 unstained
sections at 10 um each. Unstained sections were collected in lysis buffer and homogenized
in a Bullet Blender (NextAdvance, Troy, NY); RNA was then isolated using an E.Z.N.A
RNA Isolation Kit (Omega Bio-tek, Norcross, GA). After frozen sections had been taken for
RNA isolation, the remnant block was taken off the cryostat, placed in a tissue cassette, and
submitted for routine processing and embedding (creation of an FFPE block) in a pathology
laboratory.

FFPE sample identification

This project was performed under an approved University of Utah IRB protocol (#24487).
Natural language searches were used to identify surgical pathology cases with a diagnosis of
invasive carcinoma of the breast. Only breast tumors from patients with primary stage I-111
breast cancer were included in the study. Surgical pathology reports were reviewed by a
pathologist to determine ER, PR, and HER2 status. Only TNBC cases with pre-treatment
tumor material available in the archives were included. Detailed clinicopathologic, stage and
outcome data were obtained through review of the pathology report and medical record.
DFS was defined as the length of time that the patient survived after a primary diagnosis of
breast cancer without any evidence of local disease recurrence or distant metastases. Events
included ipsilateral breast recurrence and distant metastases.
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Slide review, macrodissection, and RNA Isolation from FFPE tissue

A pathologist reviewed all cases and selected the best FFPE block from each case for
analysis, taking care to avoid blocks with low tumor cellularity, or with large areas of
necrosis, calcification, or fibrosis. For each block, a fresh hematoxylin and eosin (H&E)
stained slide and adjacent unstained sections (10 um) were obtained. A board-certified
pathologist reviewed each H&E section and confirmed the presence of invasive breast
cancer. Tumors were required to be = 4mm in size and to have at least 10% tumor cellularity.
Using these requirements, only a single case was initially deemed inadequate due to low
tumor cellularity (<10%). In this case, an alternate block was selected from the same
surgical pathology specimen; the alternate block had 60% tumor cellularity and was
therefore included in the study. After assessing tumor cellularity, the pathologist circled
tumor on the H&E slide for macrodissection, taking care to exclude large areas of necrosis,
hemorrhage, calcification, and ductal carcinoma in situ. The pathologist also measured the
tumor surface area to determine the number of unstained slides required for the assay. Prior
to macrodissection, unstained slides (10 um) were de-paraffinized using Hemo-De
(Scientific Safety Solvents, Keller TX), washed in 100% Ethanol, air-dried for 10 minutes,
and then briefly rinsed in 3% glycerol. Tumor macrodissection was performed with a scalpel
in order to isolate tumor-rich regions from unstained FFPE sections. Macrodissected tissue
was subject to RNA isolation using a Roche column-based kit (HighPure FFPET RNA
Isolation Kit, Roche Diagnostics, Indianapolis, IN). Briefly, macrodissected tissue from
FFPE unstained slides was digested overnight in Proteinase K, RNA was bound to a silica
column, treated with DNase, then eluted in 30 pL of buffer according to the manufacturer’s
instructions. Isolated RNA was quantified using the Qubit 3.0 and the RNA-BR (Broad-
Range) assay kit (ThermoFisher Scientific, Waltham, MA). RNA quality was assessed on
the 2200 TapeStation (Agilent Technologies, Santa Clara, CA) using the Agilent RNA
ScreenTape Assay. RIN (RNA integrity number) values for each specimen were recorded.

Normalization of gene expression values

The gene expression count values for each sample were normalized to correct for differences
in background signal intensity across runs, and to correct for differences in RNA template
quality and quantity between samples. The first step of normalization is background
subtraction. In each Nanostring nCounter run a “no template” control sample was analyzed.
The count values for each probe in this control were subtracted from the count values for
each of the patient samples in the run. This is called “Blank lane background subtraction” in
the NanoString nSolver analysis software. Next, the geometric mean of the Housekeeping
genes was used as a normalization factor for each sample. Notably, the probe for the
Housekeeping gene PSMC4 exhibited a very high percent coefficient of variation (101%)
(Supplementary Figure 1) and was excluded from the normalization factor calculation. The
normalized counts for each sample were then analyzed as described below.

Statistical Analyses

Statistical analyses were performed in R version 3.5.0 and GraphPad Prism Version 7.0C.

The geometric mean is often used in the literature, as well as the NanoString nSolver
software, to calculate a composite score of multiple internal control housekeeping genes for
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normalization of gene expression assays (43,44). In this study the geometric mean was used
to calculate composite scores for Basal-like gene expression, MHCII gene expression, TIL
gene expression and Immune Activation gene expression. This ensures that each gene in the
score has similar weight, regardless of its baseline expression levels and dynamic range.
This was particularly important when incorporating TIL genes into the same score as the
MHCII genes expressed in tumor cells, since TIL genes inherently have lower mMRNA counts
because they are derived from a smaller fraction of cells in the sample. Thus, higher scores
represent higher expression of all of the genes in the signature, and avoids the risk that a
single extremely high or low expressed gene in the signature will have uneven influence on
the score.

The Basal-like Subtype score, MHCII Score, TIL Score, and Immune Activation Score were
calculated using the geometric mean of normalized counts for each gene as noted in
following formulas:

Basal-like Subtype Score = 5 \/(FOXCI X MKI67 x CDC20 x CCNE1 X ORC6)

MHCT Score = '04/(CIITA x CD74 x HLA — DPA1 x HLA — DPB1 x HLA — DPB2 X HLA — DRB1 x HLA
— DMA x HLA — DMB x CTSH x NCOAL1)

TIL Score = 9\/(CD3D X CD4 X CDS8A X CD69 X IFNG X ILTR X PDCD1 x CD274 x ARHGAP9)

Immune Activation Score = 2 \/ ( MHCII Score x TIL Score )

Heatmaps of log normalized gene counts were created using the R package ‘pheatmap’
version 1.0.10. Survival analysis (Kaplan Meier plots and cox regression) was performed
using the R package ‘survival’ version 2.42-3 and the R package ‘survminer’ version 0.4.2.
Receiver Operator Characteristic curve analysis was performed using the R package ‘pROC’
version 1.12.1. The linear model of Risk of Recurrence was created using the glm package
inR.

Analysis of Public Microarray Data

The Kaplan-Meier Plotter tool (http://kmplot.com) (45) was used to perform correlative
analysis of publicly available gene expression datasets. The intrinsic subtype classification
provided by the Kaplan-Meier Plotter tool was used to select cases for analysis (46). The
following selections were applied to all analyses: only one JetSet best probe (47) for each
gene was used in the multigene classifier that calculates the mean expression of the selected
probes, relapse free survival was selected for the analysis, patients were censored at the
follow-up threshold (60 months), biased arrays were excluded, and redundant samples were
removed. The most significant cutpoint was used to split patients into two groups.
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Immunohistochemistry (IHC)

Results

IHC staining was performed on 4 um thick sections of FFPE tissue. The following
antibodies were used: HLA-DR (Santa Cruz Biotechnology (sc-53319)) and HLA-
DR/DP/DQ/DX (Santa Cruz Biotechnology (sc-53302)). FFPE sections were air-dried and
then melted in a 60°C oven for 30 minutes. Slides were loaded onto the Ventana
BenchMark™ ULTRA automated staining instrument (\entana Medical Systems, Tucson,
AZ) and de-paraffinized with the EZ Prep solution. Antigen retrieval was perform using Cell
Conditioning 1 (CC1, pH 8.5) for 64 minutes at 95°C (HLA-DR and HLA-DR/DP/DQ/DX).
The primary antibody (Concentration of 1:1000 for HLA-DR/DP/DQ/DX; 1:2000 for HLA-
DR) was applied for 1 hour at 37°C. Signal amplification was performed with the
Amplification kit (HLA-DR and HLA-DR/DP/DQ/DX). Positive signal was visualized using
the UltraView DAB detection kit, which is a Universal HRP Multimer that contains a
cocktail of HRP labeled antibodies (goat anti-mouse 1gG, goat anti-mouse IgM, and goat
anti-rabbit), utilizing DAB (3-3’ diaminobenzidine) as the chromogen. Tissue sections were
counterstained with hematoxylin for 8 minutes. The slides were removed from the
immunostainer and placed in a dH20/DAWN ™ mixture. The sections were gently washed
in a mixture of de-ionized water and DAWN™ solution to remove any coverslip oil applied
by the automated instrument. The slides were gently rinsed in deionized water until all of the
wash mixture was removed. The slides were de-hydrated in graded ethanol, cleared in
xylene and then coverslipped. For all staining runs, positive and negative controls were
included and stained appropriately in all cases. Benign human tonsil was used as a positive
control, while skeletal muscle was used as a negative control. In addition, positive staining in
macrophages and infiltrating lymphocytes served as internal positive controls for all cases.
Scoring for HLA-DR and HLA-DR/DP/DQ was performed by a board-certified pathologist
who was blinded to clinical variables. Expression of HLA-DR and HLA-DRDPDQ was
assessed in tumor epithelial cells using a standard semi-quantitative system: negative (0),
weak (1), moderate (2), and strong (3).

A diagrammatic outline of this study’s design and analyses is provided in Supplementary
Figure 2.

Design of the MHCII Immune Activation assay

The major goal of this study was to develop a multiplexed gene expression assay on the
NanoString nCounter platform that could accurately measure the expression of MHCII and
TIL genes in FFPE TNBC tumor specimens. We have named this the “MHCII Immune
Activation” assay.

The MHCII Immune Activation assay uses custom gene-specific oligo probes designed to 36
genes including MHCII Signature genes, TIL genes, Subtype Verification genes, and
Housekeeping Control genes (Figure 1A) (Probe Sequences in Supplementary Table 1). The
MHCII genes were selected based on significant association with longer DFS in the previous
study (9). C/ITA is the master transcriptional transactivator of the MHCII pathway and is
required to induce expression of the other genes in the pathway(48,49). Candidate TIL genes
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were selected based on high spearman correlation (/> 0.5) with C//TA expression in the
TNBC tumors in the previous study (9) and membership in the Gene Otology classification
“Positive regulation of T cell activation” (50-52). Nine candidate genes that were identified
as TIL markers in recent publications were selected for the assay (53-55). The selected TIL
genes include markers of T cell types, as well as markers of T cell activation, T cell memory
and T cell interactions with tumor cells. The Subtype Verification genes were previously
determined to be the best distinguishers of Basal-like TNBC from other subtypes using the
PAMDS50 gene set (56). During the analytical/technical development of the PAMS50 signature,
statistical algorithms to identify the best housekeeping control gene sets for normalization in
breast cancer were developed by our group (57). The 5 best housekeeping control genes for
normalizing classifier genes across all types of breast cancer and across different ages of
FFPE procurement were selected for this assay (57).

Pre-analytical testing of the MHCII Immune Activation assay

We chose to develop the assay on the NanoString nCounter platform because previous
studies reported that the platform provides accurate gene expression measurements even in
degraded RNA from FFPE specimens (39). To ensure that the MHCII Immune Activation
assay accurately measures gene expression in FFPE specimens, the MHCII Immune
Activation Assay was performed on three pairs of matched frozen and FFPE breast tumor
specimens. Measurements were highly correlated (Spearman /<= 0.89-0.96; £< 0.0001)
between the high-quality RNA from frozen tumor sections (RNA Integrity Number (RIN) =
9.0-9.7) and the degraded RNA from matched FFPE tumor sections (RIN =1.0-4.5) (Figure
1B). Thus, the MHCII Immune Activation assay on the NanoString platform can accurately
quantify gene expression in FFPE specimens.

To evaluate the reproducibility of the MHCII Immune Activation assay, 11 pairs of replicate
FFPE breast tumor RNA samples were analyzed on the NanoString nCounter instrument.
The two sets of replicate samples were processed by two different technical teams at our
institution. The normalized counts were highly correlated between the pairs of replicates for
each of the 11 samples (Figure 1C; Spearman /2= 0.98-0.99; £< 0.0001). Genes whose
normalized counts were below 10 in both replicates have higher variation between
replicates, reflecting natural variation in counting rare molecules. Therefore, the MHCI|I
Immune Activation assay provides highly reproducible results on RNA isolated from FFPE
tissue.

To confirm that the MHCII Immune Activation assay accurately measures TIL genes, the
assay was performed on FFPE specimens from histologically confirmed TIL-high and TIL-
low TNBC tumors. The TIL genes were differentially expressed between TIL high and TIL
low TNBC tumors, as expected (Figure 1D).

The MHCII signature is associated with improved DFS in patients with Basal-like TNBC,
but not in patients with HR+ breast cancer (Supplementary Figure 3). This observation is
consistent with previous studies that have investigated immune and TIL signatures across
breast cancer subtypes. In one of the largest studies, the presence of tumor infiltrating
lymphocytes (TILs) was identified as an adverse prognostic factor in patients with luminal
breast cancer, potentially reflecting the unique immunobiology of this HR+ subtype (58).
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Subtype Verification genes are included in the MHCII Immune Activation assay to exclude
tumors that are not Basal-like TNBCs from analysis. To confirm that the Subtype
Verification genes in the assay are able to discern Basal-like TNBC from other subtypes of
breast cancer, the MHCII Immune Activation Assay was performed on 33 FFPE breast
tumor RNA samples that had been previously classified into intrinsic subtypes (Basal-like (77
=8), Luminal A (n=8), Luminal B (n=8), and HER2-enriched (/7= 9) using the PAM50
assay (59). The Subtype Verification genes were differentially expressed between these
subtypes of breast cancer, as expected (Figure 1E). To develop an inclusion criterion
threshold for Basal-like TNBC tumors a “Basal-like score” was calculated for each sample,
defined as the geometric mean of the Subtype Verification genes that are highly expressed in
Basal-like tumors (FOXCI1, MKI/67, CDC20, CCNEI1, ORC6). A threshold for the Basal-
like score that perfectly distinguished Basal-like tumors from other subtypes was selected
(Figure 1F).

Performance of the MHCII Immune Activation assay in atraining set of TNBC tumors

To evaluate the accuracy of the MHCII Immune Activation assay in TNBC tumor
specimens, we analyzed RNA from fresh frozen tissue samples (/7= 44) that had been
previously analyzed using RNA-seq (9). From each sample, 50-250 ng of RNA was
hybridized with the custom gene-specific probes and Elements TagSets and analyzed on the
NanoString nCounter Analysis System. The gene expression counts in each sample were
background subtracted and normalized to Housekeeping genes, as described in the Materials
and Methods section. Five samples were excluded from analysis because they did not meet
the Basal-like score threshold defined in the pre-analytical testing. The remaining 39
samples were analyzed for MHCII and TIL gene expression.

Three gene probes (HLA-DQAI, HLA-DRB5, and HLA-DRB6) were excluded from further
analysis due to poor concordance between the RNA-seq and NanoString data
(Supplementary Figure 4). The remaining MHCII gene expression measurements obtained
from the MHCII Immune Activation assay and from RNA-seq on the same samples were
highly correlated (mean Spearman /<= 0.88, mean 2= 0.008, Figure 2A). This result
confirms the accuracy of this new MHCII Immune Activation assay on the NanoString
nCounter instrument.

To determine if the MHCII Immune Activation assay could detect differential expression of
MHCII genes between TNBC patients who relapsed and those who did not, an “MHCI|I
Score” for each sample was calculated, defined as the geometric mean of the MHCII gene
expression values. MHCII Scores were significantly higher (one-sided Mann Whitney P =
0.0022) in TNBC patients who did not relapse compared to those who did relapse (Figure
2B). A Kaplan Meier curve using a threshold for MHCII Score that provides the most
significant log rank p-value demonstrated that the MHCII Immune Activation assay
reproduced the significant prognostic difference between tumors with high and low MHCII
expression (log rank £=0.0045, Figure 2C, threshold depicted in Figure 2B). This result
confirms that the MHCII gene expression signature maintains its prognostic significance on
the Nanostring nCounter platform.
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A heatmap of the MHCII and TIL genes in TNBC patient tumors demonstrated that
expression of MHCII and TIL genes is highly correlated within a tumor (Figure 2D).
Similarly, MHCII and TIL scores were correlated across samples (Spearman A2=0.71,
Supplementary Figure 5). To determine whether expression of the MHCII and TIL genes
could be combined into score that could be used to assess prognosis, an Immune Activation
Score for each sample was calculated using the geometric mean of the MHCII and TIL gene
expression values. Immune Activation Scores were significantly higher (one-sided Mann
Whitney £=0.0041) in TNBC patients who did not relapse compared to those who did
relapse (Figure 2E). A Kaplan Meier curve using a threshold for the Immune Activation
Score that provides the same Specificity (90%) as the MHCII score demonstrated that
patients with high Immune Activation Scores have a significantly higher probability of
disease-free survival than those with low Immune Activation Scores (log rank £=0.022,
Figure 2F, threshold=1750 depicted in Figure 2E). This result confirms the prognostic power
of the Immune Activation Score generated by the MHCII Immune Activation assay.

Validation of the MHCII Immune Activation assay in an independent cohort

The second major goal of this study was to validate that the MHCII Immune Activation
assay could be used to assess prognosis in an independent institutional cohort of TNBC
patients. Chart review was used to select cases that generally represent the diverse
presentation and outcomes that are seen in TNBC patients in clinical practice at the
University of Utah (n7=56). Selected cases included age 35-70 (median 55), Stage I-11I
disease (majority Stage Il), tumor size T1-T4 (majority T2), Histologic Grade 2-3 (majority
Grade 3), and patients with positive and negative lymph nodes (Supplementary Table 2).
Overall, these demographics, and the number of cases, is similar to the cohort used in the
previous study and the training set (Supplementary Table 2) (9).

A board-certified anatomic pathologist selected clinical FFPE tissue blocks in which there
was adequate tumor tissue for macrodissection. All specimens were collected prior to
chemotherapy. The MHCII Immune Activation assay was performed on RNA isolated from
the TNBC FFPE specimens using a protocol similar to the Prosigna test, as described in
detail in the Materials and Methods section.

Eleven samples were excluded from analysis because they did not meet the Basal-like score
threshold defined in the pre-analytical testing. The observation that not all TNBC tumors
will be classified into the Basal-like subtype based on gene expression is consistent with
prior studies that report the presence of Luminal Androgen Receptor subtype tumors and
HER2-enriched subtype tumors among TNBCs (59,60). The remaining 45 samples were
analyzed for MHCII and TIL gene expression.

The expression of MHCII and TIL genes were correlated within each tumor, similar to the
training set (Figure 3A). MHCII and TIL scores were also correlated across samples
(Spearman A2 = 0.58, Supplementary Figure 5). The geometric mean of the MHCII and TIL
gene expression values was used to calculate an Immune Activation Score for each sample.
Immune Activation Scores were significantly higher (one-sided Mann Whitney 2= 0.0278)
in TNBC patients who did not relapse compared to those who did relapse (Figure 3B). A
Kaplan Meier curve using the same Immune Activation Score threshold as the training set
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demonstrated a significant prognostic difference between tumors with high and low Immune
Activation Scores (log rank £=0.021, Figure 3C, threshold=1750 depicted as a dashed line
in Figure 3B). This result confirms the prognostic significance of the MHCII Immune
Activation assay in this independent cohort.

Assessing Risk of Recurrence using the MHCII Immune Activation assay

The most likely clinical use of the MHCII Immune Activation assay would be to identify
patients that have a very low risk of relapse, and distinguish them from patients who have an
average risk of relapse. To determine if the MHCII Immune Activation Assay could be used
to identify patients that have a very low risk of relapse, a Receiver Operator Characteristic
(ROC) curve was calculated for the Immune Activation Scores in the training set and
validation cohort (Figure 4A, ROC statistics are provided in Supplementary Figure 6). This
clinical application of the assay requires high specificity to correctly identify patients who
have a low risk of recurrence, and avoid misclassifying patients that may recur. To evaluate
the specificity of the assay, threshold analysis of the ROC curve was used to calculate the
Immune Activation Score that results in 95% specificity for identifying patients who do not
relapse in the training set (threshold = 2400). The 95% confidence intervals for the threshold
that provides 95% specificity are depicted in the ROC curve in Figure 4A. When this
Immune Activation Score threshold was applied to the validation cohort, the specificity for
identifying patients who did not relapse was 100%, i.e. zero patients with Immune
Activation Scores above the threshold relapsed (Figure 4B). Kaplan Meier curves were
created using this Immune Activation Score threshold to stratify patients, which
demonstrates the difference in probability of disease-free survival in both the training set
(Figure 4C) and the validation cohort (Figure 4D).

In multi-gene clinical tests used to assess prognosis in HR+ breast cancer (e.g. Prosigna and
Oncotype Dx), the results are continuous variables that are linearly related to a patient’s risk
of recurrence (27,61). Currently, the quantitative results of these tests are used to classify
patients into groups of low, intermediate and high risk of recurrence for clinical
management. The Immune Activation Score produced by this assay is also a continuous
variable. To determine if the Immune Activation Score produced by this assay is linearly
related to a patient’s risk of recurrence, the cumulative risk of recurrence was calculated for
patients across the range of Immune Activation Scores observed in the training set and
validation cohort. The Risk of Recurrence in both the training set and validation cohort is a
linear function of the log;o Immune Activation Score (Figure 4E). This result confirms that a
patient’s risk of recurrence is monotonically related to the Immune Activation Score. In the
future, larger studies could be used to define thresholds to classify TNBC patients into
groups with low, intermediate or high risk of recurrence.

Cox proportional hazards regression models were generated to test the association between
DFS, clinical variables, and Immune Activation Score in the training set and validation
cohort. In univariate cox regression, Immune Activation Score and stage at diagnosis were
significantly associated with DFS in both the training set and validation cohort (Table 1).
The Immune Activation Score Hazard Ratio was 0.1430 (95% CI = 0.03683-0.5555) in the
training set and 0.2111 (95% CI = 0.06075-0.7335) in the validation cohort, indicating a
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good prognostic factor. The Hazard Ratio for stage was 2.1227 (95% CI = 1.439-3.131) in
the training set and 1.628 (95% CI = 1.204-2.201) in the validation cohort, indicating a poor
prognostic factor. The other clinical parameters were not significantly associated with DFS,
including age at diagnosis, and whether the patient received chemotherapy (Table 1). In the
multivariable Cox proportional hazards regression model for both the training set and the
validation cohort, Immune Activation Score and stage at diagnosis both remained
significant, and their hazard ratios were similar to those in the univariate analysis (Table 1).
This result indicates that the Immune Activation Score is an independent predictor of DFS,
even when accounting for the differences in DFS associated with a patient’s disease stage at
diagnosis.

A cox proportional hazards model of the effect of stage alone in the validation cohort
predicts that a patient diagnosed with Stage 11B disease has a 59% probability of 5-year
disease free survival. A cox proportional hazards model including both stage and Immune
Activation score predicts that a Stage 11B patient with a high Immune Activation Score of
4000 has an 79% probability of 5-year disease free survival, while a patient with the same
disease stage and a low Immune Activation Score of 400 has a 32% probability of 5-year
disease free survival. This suggests that a clinical decision-making tool that incorporated the
Immune Activation Score in addition to the patient’s disease stage could provide improved
assessment of a patient’s risk of recurrence. Further studies in larger cohorts will be needed
to train and evaluate a predictive model that incorporates Immune Activation score.

of MHCII Immune Activation assay to IHC and histologic TIL counting

The results from the MHCII Immune Activation assay confirm that elevated expression of
MHCII and TIL genes is associated with a significantly reduced risk of recurrence in TNBC
patients. To determine if these gene expression measurements correlate with traditional
histologic assessment of MHCII expression and TIL counting, IHC and H&E staining was
performed on FFPE sections from the specimens analyzed in the validation cohort, which
was reviewed by a board-certified anatomic pathologist who specializes in breast pathology.

In tumors with the highest Immune Activation Scores, MHCII protein was strongly
expressed in a membranous pattern within infiltrating carcinoma cells and in associated TILs
(Figure 5A). Tumors with an intermediate Immune Activation Score showed variable

MHCII expression; in these cases, staining was often heterogeneous and of moderate
intensity (Figure 5A). In tumors with the lowest Immune Activation Scores, MHCII protein
expression was absent in invasive carcinoma cells and present only in rare tumor-associated
inflammatory cells (Figure 5A).

TIL quantification was performed using a histologic “gold standard” protocol developed by
a consensus committee on Tumor Infiltrating Lymphocytes (TILs) in breast cancer (24,25).
The TIL Score measured by the MHCII Immune Activation assay was highly correlated with
morphologic assessment of stromal TIL percentage (Spearman /2 = 0.69, < 0.0001,
Figure 5B). These results confirm that the MHCII Immune Activation assay on the
Nanostring nCounter provides a standardized and multiplexed procedure for measuring
MHCII expression and TILs in FFPE tumor specimens that is highly correlated with
histologic assessments.
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Discussion

The purpose of this study was to develop and validate a multiplexed assay for MHCII and
TIL gene expression that could be used on FFPE tissue to assess a TNBC patient’s risk of
recurrence. The results of this study demonstrate that performing the MHCII Immune
Activation assay on FFPE tumor specimens using the Nanostring nCounter instrument
provides accurate measurements of MHCII and TIL gene expression that are highly
correlated with reduced risk of recurrence in TNBC patients with primary Stage I-111 breast
cancer.

The most likely clinical use of the MHCII Immune Activation assay would be to distinguish
TNBC patients who have a very low risk of relapse from those who have an average risk of
relapse. We demonstrate that an Immune Activation Score threshold can be established to
identify patients who have a very low risk of recurrence (Figure 4) and may not require
systemic therapy. Both the training set and validation cohort in this study included patients
who did not receive systemic chemotherapy for a variety of reasons including advanced age,
comorbidities, and patient preference (Supplementary Table 2). Excitingly, we found that
patients with high Immune Activation Scores who did not receive systemic chemotherapy
did not relapse (Supplementary Figure 7A). To investigate this preliminary association
further, we analyzed public microarray data from a larger cohort of patients with primary
Stage I-111 Basal-like breast cancer who did not receive systemic chemotherapy. We found
that patients with higher expression of MHCII and TIL genes had significantly longer
relapse-free survival, even without systemic treatment (Supplementary Figure 7B). Future
clinical studies are warranted to evaluate whether this assay could be used routinely to
identify TNBC patients who inherently have a good prognosis and can safely be treated with
local therapy alone. The MHCII Immune Activation assay enables precision medicine for
TNBC patients and could help reduce the burden of chemotherapy-induced side effects in
TNBC survivors.

Another potential clinical application of the MHCII Immune Activation assay is predicting
response to immunotherapy. Recent studies have shown that expression of MHC Class |1
molecules in melanoma cells is associated with improved response to anti-PD-1
immunotherapy in melanoma patients (62—64). Data presented at the American Society of
Clinical Oncology 2017 annual meeting from the Phase 2 randomized, controlled, multi-
center I-SPY 2 trial (NCT01042379) demonstrated that 60% of newly diagnosed TNBC
patients achieved pathologic complete response (pCR) when treated with the immune
checkpoint inhibitor pembrolizumab in combination with standard neoadjuvant
chemotherapy. This was a significant improvement compared to the 20% of patients who
achieved pCR with standard neoadjuvant chemotherapy alone (65). While this result is
promising, it also indicates that 40% of TNBC patients in the pembrolizumab arm did not
achieve pCR but were exposed to the significant risks associated with immunotherapy,
which in this trial included autoimmune mediated adrenal insufficiency, hepatitis, colitis,
and hypothyroidism. Future studies are needed to determine whether the MHCII Immune
Activation assay can be used to identify patients that are most likely to benefit from
immunotherapy.
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The MHCII Immune Activation assay produces similar measurements as histologic assays
for MHCII expression and TIL counting (Figure 5), but provides standardized methodology,
a larger dynamic range of measurements, and multiplexed analysis of small specimens. The
development of the Prosigna test for HR+ breast cancer has demonstrated that one key
strength of assays developed on the NanoString nCounter is the ability to implement them as
Laboratory Developed Tests (LDTSs) in clinical laboratory sites across the world while
maintaining standardized protocols and data analysis. Following demonstration of its clinical
utility, the format of the MHCII Immune Activation assay will enable similar broad adoption
as a clinical test for prognosis in TNBC patients, for which there are currently no clinical
tests available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pre-analytical testing of the MHCII Immune Activation assay.

TIL high
TIL low

(A) Gene sets measured by the assay. (B) The assay provided similar measurements of gene
expression in Frozen and FFPE sections from the same tumor (/= 3). Each point in the
scatter-plot represents the expression values for one of 36 genes. (C) The assay provided
highly similar gene expression measurements between two replicates of each of 11 different
FFPE breast tumor RNA samples. Each point in the scatter-plot represents the expression
values for one of 36 genes in one of 11 samples. Each of the 11 samples is depicted in a
different color. (D) The TIL genes in the assay were differentially expressed between
histologically confirmed TIL high and TIL low TNBC tumors. (E) The Subtype Verification
genes in the MHCII Immune Activation assay were differentially expressed between FFPE
tumor specimens previously classified by the PAM50 assay as Basal-like (n7=8), Luminal A
(n=28), Luminal B (= 8), and HER2-enriched (n=9). (F) A threshold chosen for the

Basal-like score distinguishes Basal-like tumors from other subtypes.
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Figure2. MHCII Immune Activation assay in atraining set of TNBC tumors.
(A) MHCII gene expression measurements from the MHCII Immune Activation assay and

RNA-seq on the same TNBC tumor samples were highly correlated. Each of the 10 genes is
a different color. (B) MHCII Scores were significantly higher in patients who did not
relapse. Mean and 95% confidence interval shown. Threshold is a dashed line, red circle
classified as high, blue circle classified as low. (C) A Kaplan Meier curve and log rank p-
value show significantly longer DFS in patients with high MHCII Scores. (D) Expression of
MHCII and TIL genes are highly correlated within TNBC patient tumors in the training set.
(E) Immune Activation Scores calculated using MHCII and TIL genes were significantly
higher in patients who did not relapse. Mean and 95% confidence interval shown. Threshold
is dashed line, red circles classified as high, blue circles classified as low. (F) A Kaplan
Meier curve and log rank p-value show significantly longer DFS in patients with high
Immune Activation Scores using the threshold depicted in 2E.
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Figure3. MHCII Immune Activation assay in an independent validation cohort of FFPE TNBC
tumors.

(A) Expression of MHCII and TIL genes are highly correlated within TNBC patient tumors
in the independent validation cohort. (B) Immune Activation Scores calculated using MHCII
and TIL genes in the MHCII Immune Activation assay were significantly higher in patients
who did not relapse. Mean and 95% confidence interval shown. Threshold is a dashed line,
red circle classified as high, blue circle classified as low. (C) A Kaplan Meier curve and log
rank p-value show significantly longer DFS in patients with high Immune Activation Scores

usi

ng the threshold depicted in 3B.
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Figure 4. Using Immune Activation Scoresto identify patientswith a low risk of recurrence.
(A) ROC curve analysis of the training set was used to select an Immune Activation Score

threshold that results in 95% specificity for identifying patients who do not relapse. Training
set ROC curve in green. Validation cohort ROC curve in orange. 95% confidence intervals
for the threshold that provides 95% specificity in Training set shown as black error bars. (B)
When this Immune Activation Score threshold was applied to the independent validation
cohort, the specificity for identifying patients who did not relapse was 100%. (C) Kaplan
Meier curve that stratifies patients in the training set based on the Immune Activation Score
threshold that provides 95% specificity. (D) Kaplan Meier curve of the same threshold
applied to the independent validation cohort demonstrates longer DFS in patients with
Immune Activation Scores above the threshold. (E) Risk of recurrence can be modeled as a
linear function of the log,p Immune Activation score in both the training set and validation
cohort.
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Figure 5. Comparison of the MHCII Immune Activation assay to IHC and histologic TIL

counting.

(A) Immunohistochemical analysis of MHCII expression in patients with high, intermediate,
and low Immune Activation Scores. (B) The TIL Score calculated from TIL gene expression
using the MHCII Immune Activation assay is correlated with histologic assessment of

stromal TIL percentage.
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Univariate Multivariate
. Hazard Ratio (95% Hazard Ratio (95%

Variable Confidence Interval) P-value Confidence I nterval) P-value

Immune Activation Score * *

(log10 transformed) 0.1430 (0.03683- 0.5555) 0.00496 0.1688 (0.04039-0.7054) 0.014758
Training Set Stage at Diagnosis 2.1227 (1.439-3.131) 0.000147 | 2.0310 (1.33617-3.0871) 0.000911 "

Age at Diagnosis 1.006 (0.9661~ 1.048) 0.765 1.0363 (0.99081-1.0840) 0.119459

Received Chemotherapy 0.4879 (0.1752- 1.359) 0.17 0.4660 (0.14512-1.4965) 0.199589

Immune Activation Score * *

(log10 transformed) 0.2111 (0.06075-0.7335) 0.01440 0.1939 (0.05451-0.6896) 0.011280
validation Cohort Stage at Diagnosis 1.628 (1.204-2.201) 0.00154% | 1.6363 (1.18309-2.2632) 0.002920

Age at Diagnosis 1.013 (0.9812-1.045) 0.43200 1.0198(0.96152-1.0605) 0.696870

Received Chemotherapy 0.6166 (0.1986-1.915) 0.40300 0.7696 (0.14986-3.9519) 0.753700

*
significant P-values
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