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Abstract

Purpose: Imaging mass cytometry (IMC) uses metal-
conjugated antibodies to provide multidimensional, objec-
tive measurement of protein targets. We used this high-
throughput platform to perform an 18-plex assessment of
HER2 ICD/ECD, cytotoxic T-cell infiltration and other struc-
tural and signaling proteins in a cohort of patients treated
with trastuzumab to discover associations with trastuzumab
benefit.

Experimental Design: An antibody panel for detection of
18 targets (pan-cytokeratin, HER2 ICD, HER2 ECD, CDS§,
vimentin, cytokeratin 7, $-catenin, HER3, MET, EGFR, ERK
1-2, MEK 1-2, PTEN, PI3K p110 a, Akt, mTOR, Ki67, and
Histone H3) was used with a selection of trastuzumab-treated
patients from the Hellenic Cooperative Oncology Group 10/
05 trial (n = 180), and identified a case-control series.

Introduction

Trastuzumab, a therapeutic antibody directed against the extra-
cellular domain (ECD) of HER2 has been postulated to work both
by inhibition of the tyrosine kinase activity (1) of the HER2
protein and by antibody-dependent cell toxicity (2, 3). These
data are largely derived from mechanistic studies in model sys-
tems but the role of each of these mechanisms in patient with
breast cancer tumors is not completely understood. It has also
been observed that HER? is activated by homo- or heterodimer-
ization with other ERBB family members (1) and can be processed
by the cleavage of ECD (4). The role of the p95 cytoplasmic
domain fragment has been studied and there is some evidence
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Results: Patients that recurred after adjuvant treatment with
trastuzumab trended toward a decreased fraction of HER2
ECD pixels over threshold compared with cases without recur-
rence (P = 0.057). After exclusion of the lowest HER2 expres-
sers, 5-year recurrence events were associated with reduced
total extracellular domain (ECD)/intracellular domain (ICD)
ratio intensity in tumor (P = 0.044). These observations are
consistent with our previous work using quantitative immu-
nofluorescence, but represent the proof on identical cell
content. We also describe the association of the ECD of
HER2 with CD8 T-cell infiltration on the same slide.

Conclusions: The proximity of CD8 cells as a function of the
expression of the ECD of HER2 provides further evidence for
the role of the immune system in the mechanism of action of
trastuzumab.

that its presence is associated with lack of response to trastuzumab
because this molecule contains the tyrosine kinase activity but not
the trastuzumab-binding site in the ECD. Although efforts were
made to use antibodies to the p95 fragment to detect trastuzumab
resistance, these antibodies were never able to successfully prove
the mechanism. On the basis of this same concept, we found that
quantitative-independent measurement of both the extracellular
and intracellular domain (ICD) of HER2 could identify differen-
tial benefit from adjuvant (5) and neoadjuvant (6) trastuzumab
treatment. These findings were obtained using serial sections of
tissue for each target and are being further tested on tissue from
the ALTTO trial (7). However, existing methods did not allow
concurrent analysis of the role of the immune system in the
therapeutic effect. Thus, we sought a high-plex method that would
allow simultaneous assessment of immune cells, along with both
domains of the HER2 protein and downstream proteins associ-
ated with HER2 signaling, all on the same tissue section.
Traditional methods for in situ protein assessment of molecular
biomarkers in solid tumors can maximally detect 7-8 targets in
formalin-fixed, paraffin embedded (FFPE) tissues (8-13). How-
ever, practically, to accurately measure targets in this context,
some of the fluorophore channels need to be used for phenotyp-
ing or compartmentalization, thereby limiting the number of
targets that can be measured to 3 or 4. Furthermore, the quantum
yield and detection capabilities make quantitative comparisons
between channels challenging. While consecutive sections may be
used, these suffer from heterogeneity issues, especially with
respect to measurements of the microenvironment. Approaches
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Translational Relevance

High multiplicity in situ assessment of protein expression,
done by imaging mass cytometry (IMC), allows simultaneous
measurement of many proteins on a single-histology slide. By
examining 18 variables at once, we first confirmed the findings
seen by fluorescent multiplexing (and validating the IMC
method) showing that breast cancer tumors that do not
express the ECD of the HER2 protein are less likely to benefit
from trastuzumab. Then, using one of the targets included in
the highly multiplexed panel, we show spatial association
between CD8™ T cells and the ECD of HER2. This association
is consistent with the hypothesized role for antibody-
dependent cell cytotoxicity postulated as a mechanism of
action for trastuzumab.

based on cyclic immunofluorescence (IF; ref. 14) have been
proposed as an alternative for highly multiplexed in situ proteo-
mic analysis. More than 50 antigens can be detected using
sequential staining and peroxide-based quenching of dyes.
Recently, Lin and colleagues (15) provided a comprehensive
quantitative study of the effect of cyclic staining over tissue quality
and antigenicity. While reagents and analytic equipment required
are readily available, significant issues remain with tissue and
antigen loss over cycles, commercial antibodies being not com-
patible with the process and signal changes. While very promising,
the technology has not shown equivalence of measurement of a
continuous antigen in cycle 1 compared with cycle 10 or more.
This limitation may be unimportant for some issues, but more
important for others.

Two technologies have been developed that promise to extend
the ability to quantitatively assess and range of proteins on a single-
tissue section. Both work using heavy metal-conjugated antibodies
that are ionized from the surface of the tissue slide. Imaging mass
cytometry (IMC; ref. 16), combines laser ablation in argon followed
by time-of-flight mass spectrometry, while multiplexed ion beam
imaging (17) uses an ion beam ablation under vacaum combined
with time-of-flight mass spectrometry. Both have enabled the
simultaneous detection of over 50 molecules with subcellular
resolution and creation of images with high resolution based on
mapping the metal labels back to the pixel from which they were
ablated. Here, we use the IMC method in tissue from patients with
breast cancer to simultaneously assess the immune microenviron-
ment and 18 proteins related to HER2 signaling. Our studies
specifically probe the role of the extracellular domain of HER2 and
a proposed mechanism of action of trastuzumab.

Materials and Methods

Antibodies and immunofluorescent staining

Eighteen commercial mAbs (Supplementary Table S1) were
conjugated to unique metals (16, 18) using Maxpar Metal Label-
ing Kits (Fluidigm Corp.) according to the manufacturer's instruc-
tions. Tagged antibodies were then used to stain breast cancer,
lung cancer, and melanoma tissue microarrays (TMA), as
described previously (5). These included negative and positive
controls, and cases with a range of expression for each marker.
Briefly, fresh TMA cuts were deparaffinized at 60°C for 20 minutes,
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then incubated twice in xylene for 20 minutes. Antigen retrieval
was performed with EDTA buffer pH 8.0 at 97°C for 20 minutes in
a pretreatment heating device (PT Module, Lab Vision, Thermo
Fisher Scientific). Endogenous peroxidase activity was blocked
with 2.5% hydroxyl peroxide in methanol for 30 minutes, fol-
lowed by blocking with 0.3% BSA in 0.1 mol/L of TBS for 30
minutes at room temperature. TMA sections were incubated
overnight at 4°C with each primary antibody and a polyclonal
rabbit anti-cow pan-cytokeratin antibody (1:100, Z0622, Dako),
or amonoclonal mouse anti-human cytokeratin antibody (1:100,
clone AE1/AE3, Dako). Sections were then incubated for 1 hour at
room temperature with Alexa 546-conjugated goat anti-rabbit
secondary antibody (Molecular Probes) diluted 1:100 in mouse
EnVision Amplification Reagent (Dako), or Alexa 546-conjugated
goat anti-mouse secondary antibody (Molecular Probes) in 1:100
rabbit Envision Amplification Reagent (Dako). Cyanine 5
directly conjugated to tyramide (PerkinElmer) at 1:50 dilution
was used for target antibody detection. ProLong Mounting
Medium (ProLong Gold, Molecular Probes) with 4,6-diamidino-
2-phenylindole (DAPI) was used to stain nuclei.

Fluorescent measurement and scoring

Quantitative IF (QIF) was performed using the AQUA
(Navigate BioPharma Inc.) method (19, 20). Briefly, the QIF
scores were calculated by dividing the target compartment pixel
intensities by the area of cytokeratin positivity or by the area of
absence of cytokeratin positivity with an expanded DAPI com-
partment, respectively. QIF scores were normalized to the expo-
sure time and bit depth at which the images were captured,
allowing scores collected at different exposure times to be com-
parable. All acquired histospots were visually evaluated and cases
with staining artifacts or less than 1% tumor (cytokeratin staining)
were excluded from the analysis.

Antibody titration and validation

To optimize the titer for each conjugated antibody, we stained
the standardization TMAs using at least four or five concentrations
covering more than one order of magnitude in serial sections.
Titration curves for each antibody using the average scores were
plotted. We calculated the average of the highest 10% and lowest
10% of spots, their difference, and ratio (Supplementary Fig. S1).
We defined objectively the optimal antibody titer as the one that
had the highest dynamic range of signal with a specific pattern of
staining as described previously (21).

Each antibody was validated in the manner described pre-
viously (22, 23) including nine of the 18 antibodies that had
been previously validated in earlier work. To confirm that the
conjugated metal did not affect the interaction with antigen, all
antibodies were validated with the IMC platform by comparing
metal-labeled antibody to unlabeled antibody using QIF on
index arrays (see Supplementary Fig. S2).

Breast cancer cohort

The Hellenic Cooperative Oncology Group (HeCOG) 10/05
trial (5, 24) was a sequential, dose-dense, three-arm breast cancer
adjuvant study performed between July 2005 and November
2008, including 990 patients randomized to epirubicin, pacli-
taxel, and cyclophosphamide, methotrexate, and fluorouracil
(CMF), compared with epirubicin, CMF, and either weekly pac-
litaxel or docetaxel. HER2* patients (n = 180) received sequen-
tially 1 year of trastuzumab. We extracted the information and
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subjected histospots to analysis from all patients that presented
with recurrences before 5 years (n = 20) and 41 control patients
matched by age and stage. The clinico-pathologic characteristics of
this series are presented in Supplementary Table S2.

Labeling for IMC

Conjugated antibodies were used to label TMA slides contain-
ing histospots from the case-control series of trastuzumab-treated
patients. Briefly, fresh TMA cuts were deparaffinized at 60°C for
20 minutes, then incubated twice in xylene for 20 minutes.
Antigen retrieval was performed with EDTA buffer pH 8.0 at 97°C
for 20 minutes in a pretreatment heating container (PT Module,
Thermo Fisher Scientific). Then, slides were blocked with 0.3%
BSAin 0.1 mol/L of TBS for 30 minutes at room temperature. TMA
sections were incubated overnight at 4°C with 18 tagged, primary
antibodies (Supplementary Table S1). After labeling, slides were
rinsed in phosphate buffer solution, and air-dried.

IMC procedure

Selected histospots were subjected to automated ablation using
an argon-based laser in the Hyperion Imaging System (Fluidigm).
Tissues were laser ablated in a rastering pattern at 200 Hz and the
aerosol containing the ion cloud was directly transported to a
Helios Mass Cytometer (Fluidigm; refs. 16, 18). The data were
exported to a .txt file with counts for each metal for each pixel.
TMA spots represent 350,000-500,000 pixels each. All raw data
were analyzed using locally designed Python routines (Python
Software Foundation) to study molecular distribution, marker
intensity, and colocalization at a pixel (1 um?) level.

Noise determination

To define the signal from background for each metal we assessed
the frequency distribution of pixel intensity where each antibody/
metal combination showed a recognizable, specific pattern of
staining. Using cytokeratin as a reference we determined the
minima of the first curve as a cut-point, where all signal levels
above the cut-point are defined as signal and below the cut-point
are background (Supplementary Fig. S3A). This method was
automated and applied to analysis of tumor expression of HER2
ICD and ECD and intratumoral CD8 levels with respect to recur-
rence status and geographic analysis. Extension of this method to
intratumoral CD8 levels was less robust. As an alternative, for each
marker we retained only the highest expressing pixels above a
percentile threshold; we used the 95th percentile for cytokeratin
(CK), ICD, and ECD, and 99th percentile for CD8 (Supplementary
Fig. S3B). The latter method was used for geographic analysis.

Pixel-based analysis and geographic analysis

While segmentation of images has been used with previous IMC
work (18), here we attempted to assess expression with a pixel
colocalization approach independent of heuristic-based fraction-
ation of the image into trained operator-defined regions. This
approach is similar in concept to the AQUA method of QIF (19).
For comparison with recurrence status, we used the previously
described method of noise determination and calculated the
fraction of HER ECD pixels present in a compartment thresholded
for CK and then HER2 ICD. Using the same approach in a smaller
subset of patients, we defined the CK compartment and ratioed
ECD and ICD intensities. Finally, we calculated the survival for the
groups stratified by the median for ECD/ICD in the CK compart-
ment, using Kaplan-Meier estimator and log-rank test.

To achieve spatially informed analysis and determine the con-
tours of the tumor, a Gaussian blur (using the scipy.ndimage
python module with sigma = 19) was applied to the denoised
HER2 ICD image (keeping the measurements of ICD above the
95th percentile of expression), and a threshold (0.5) was chosen.
All pixels with values above the threshold were compartmental-
ized into tumor (value "1"), and all below, to nontumor (value
"0"). As an alternative, we also applied the GrabCut algorithm
from the image processing cv2 python module, to create the same
tumor contours, which produced similar results. To create perim-
eter and envelope images, inwards and outwards dilations of
10 um were performed by applying a dilation approach on the
binary images. The white perimeter (see Fig. 5A) was created by
using a dilation with a 3 x 3 Euclidian kernel on the binary image
(pixels within the tumor region were set to 1, and those outside of
the region to 0). The output of the dilation represents the Euclid-
ian distance from each pixel within the tumor to the closest
boundary of the tumor in pm. This inward perimeter is defined
by the pixels where the dilation output had a value x um, where
0<x<10. Each green and blue envelope (see Fig. 5A) was created
by taking a dilation on the image, with a 3 x 3 Euclidean kernel
(pixels within the tumor region were set to 0, and those outside of
the region to 1). The output of the dilation represents the distance
from each pixel outside the tumor to the closest boundary of the
tumor in um. The first envelope is defined by the pixels where the
dilation output value is x, such that 0<x<10. Similarly the nine
subsequent envelopes are determined by pixels with output values
x, where 10<x<20, 20<x<30, ..., 90<x<100, respectively. Images
were then broken into nonoverlapping tiles of 100 x 100 pixels.

To calculate HER2 ICD, HER2 ECD, and CD8 enrichment per
tile, a cut-point of top 5% was selected for the original HER2 ICD
and ECD signals, and 1% for the original CD8 signal, or given
value "0" otherwise. HER2 ICD and ECD enrichment corre-
sponded to the quotient of the number of pixels in a perimeter
with ICD or ECD scores in top 5% over the number of pixels in the
perimeter. CD8 enrichment was obtained from the quotient of the
number of pixels in each envelope with CD8 scores in top 1% over
the total number of pixels in that envelope. Because we are only
interested in tumor regions with high expression levels of HER2
ICD, tiles with ICD values below the median were filtered out. The
remaining tiles (those above the median ICD value) were split
into ECD enrichment-low and -high groups using a median cut-
point.

Pairwise correlation matrix

Data from 18 markers were denoised and averaged to create
40 x 40 nonoverlapping tiles. We then partition the slides into
25 x 25 pixel nonoverlapping tiles and average the value for each
marker in each tile. Because each image comprises 1,000 x 1,000
pixels and each tile comprises 25 x 25 pixels, we get (for each
patient and each marker) a 40 x 40 tile image corresponding to a
low resolution version of the original marker image.

Results

Figure 1 shows raw ion images for 18 markers in a represen-
tative HER2" breast cancer case using MCD Viewer Software
(v 1.0.554.0, Fluidigm). Pixel resolution was approximately at
the 1 um? level. Initially, we validated the IMC method to
determine whether this method showed results similar to previ-
ously described results obtained by QIF (5). A direct comparison
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Figure 1.

Multiplexed detection of 18 protein targets using FFPE tissues and IMC. Pseudo-colored raw ion images representing the markers detected in the study.

is shown in two parts. First, data obtained using a HER2 stan-
dardization TMA showed that IMC is capable of correctly strat-
ifying HER2 ICD levels into bins defined by the clinical assess-
ment of each case as HER2-negative (IHC = 0 or 1) and -positive
(IHC =2 or 3; Fig. 2A). Then QIF results from different histospots
of the same cases were compared with IMC (Fig. 2B). Good
concordance is seen, but QIF has less dynamic range than IMC
and appears to be saturated. The data were fit to logarithmic curve
and showed high correlation (r=0.79), similar to that seen by our
group when chromogenic IHC was compared with QIF (5).
While orthogonal validation against other tests is good, the best
validation of a new technology is against outcome. Because we
have previously showed that the decreased ECD is associated with
worse outcome in the HeCOG cohort (5) this provides a good
cohort for validation of IMC. Here, we used a case—control series
subset of HER2", trastuzumab-treated patients including 19
recurrent and 41 control cases selected from a larger cohort with
the goal of validating the IMC technology against previously
proven outcome (5). In this cohort, the presence of high levels
of both ECD and ICD showed benefit from trastuzumab where
those cases with high ICD but less ECD showed diminished
benefit. To determine whether we could see similar effects with
IMC, we assessed HER2 ECD and ICD levels using separately
labeled antibody in a compartment defined by positive cytoker-
atin. We found that ICD- and ECD-high cases (defined by median
cut-point) showed a trend toward decreased number of recur-
rences (P = 0.057; Fig. 3A). Patients with an elevated ECD/ICD
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intensity ratio in cytokeratin-positive compartment were signif-
icantly associated with lower number of 5-year recurrences (P =
0.044; Fig. 3B). This case-control series is underpowered for
survival but shows a trend for better 5-year disease-free survival
(log-rank P = 0.066; Fig. 3C) supporting validation of the IMC
method.

For each slide, we calculated the correlations between every pair
of markers. Each marker is represented by a vector with 1,600
values, corresponding to the intensities of the marker in the 40 x
40 tiles. A subset of all pairwise correlations corresponding to key
pairs of structural and kinase signaling markers are displayed for
60 patients (Fig. 4). To determine the value of high-plex assess-
ment of 17 markers we explored our data for correlations, both
between markers and between the spatial arrangements of each
marker. To study how correlations of these markers vary as a
function of HER2 ECD richness, we sorted the columns in the
heatmap which correspond to the 60 slides based on the total level
of HER2 ECD normalized by the total level of CK7. As shown in
the heatmap, higher correlation coefficients were consistently
obtained for targets present in the same subcellular compartments
(e.g., HER2 ICD and ECD, both domains of HER2 and CK7, and
Histone H3 and Ki67). The inverse was also seen, with lower
correlation for PI3K and Ki67, and HER2 and CDS8, providing
validation for our method that does not use cell boundaries for
definition of event. Interestingly, we did not detect a pattern for
positive correlation of either HER2 ICD or ECD with EGFR, HER3
or with known signaling partners, such as PI3K, ERK, and MEK,
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HER2 measurement using IMC can classify clinical cases and is associated with QIF readings. A, HER2 ICD detected in denoised cytokeratin pixels correctly
stratifies cases from a HER2 standardization array into predictive categories (Mann-Whitney test). B, HER2 ICD measured by IMC and QIF is positively associated

and follows a logarithmic curve (r, correlation coefficient).

except for AKT. This may be due to our inability to assess
phosphorylation status in these markers using the current anti-
body cocktail.

Finally, we generated an algorithm to search for meaningful
spatial relationships between the markers. Because the majority
of markers are colocalized in tumor cells, spatial relationships
are beyond the resolution of the technology. However, the IMC
approach allows us to determine the distribution patterns of
T-cell infiltrates in a HER2* population with known distribu-
tions of ECD versus ICD. Figure 5A shows a representative
schematic of the method used to define edge of tumor (see
Materials and Methods). Perimeters of tumor islands were
defined by thresholded HER2 ICD levels with a 100 x 100
resolution. Then CD8" tiles were evaluated as a function of

A B

fixed 10-um contours around the perimeters and data were
stratified for HER2 ECD in low and high groups using the
median cut-point. Figure 5B depicts a single case illustrating
that the mean CDS8 fraction is higher in the ECD-high tiles
compared with the ECD-low tiles, but that this relationship
degrades with distance from the interface of tumor and stroma
(the shoreline). When all 60 patients were analyzed (Fig. 5C),
we observed significantly elevated CD8 levels close to the
tumor stromal interface that again degrades with distance when
assessing HER2 ECD-high tiles from all cases compared with
low ECD tiles from all cases. This observation suggests that the
CD8 distribution is significantly related to the HER2 ECD
presence in the tumor cells and that this relationship degrades
with distance from the tumor edge.

Cc
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Figure 3.
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Analysis of recurrence status in trastuzumab-treated patients using HER2 ECD/ICD measurement. A, Each case is shown on the x axis, ordered by fraction pixels
positive for ECD when ICD and CK are over threshold (readable spots). The filled bars are patients that recurred after treatment with trastuzumab within 5 years.
B, Similar to A, the x axis shows each patient ordered by ratio of ECD/ICD intensity showing recurrences in filled bars. C, Disease-free survival analysis stratified

by HER2 ECD/ICD status.
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Pairwise correlations for targets of interest across 60 trastuzumab-treated patients. Consistent association of targets within subcellular compartments and
presence of the inverse pattern are present and validate a strategy using molecular-guided spatial analysis. A method based on cell segmentation could be more
informative on signaling than a strict colocalization strategy. Color code shows strength of correlation (r value) when cases are sorted on the basis of ECD

abundance over CK7 ™" pixels.

Discussion

IMC is among the new technologies capable of high-fold
multiplexing, but still early in development. The initial efforts
in our group have validated the technology using comparison
with conventional IHC and QIF and importantly, also to out-
come. We showed that concurrent detection of HER2 ICD and
ECD was associated with better outcome after adjuvant chemo-
therapy plus trastuzumab than that seen in patients with
decreased ECD. With this validation complete we went on to
assess correlations between signaling molecules in the same
cohort. Using a strategy that combines both number of molecular
counts and their localization, we observed a relationship between
CD8 expressed on cytotoxic T cells and the HER2 ECD that is not
present for the ICD and is a function of close proximity. This
observation provides new direct evidence of a more prominent or
effective cytotoxic T-cell responses in ECD-high cases.

Initially our goal with this technology was to multiplexboth the
ECD and ICD of HER2 to allow construction of a ratio. Previous
efforts to generate a ratio using multiplexed fluorescence were
ineffective due to our inability to normalize for the variable
quantum yield between fluorophores. For IMC, the metals
detected by mass spectroscopy, although different in molecular
weight, are counted with equal efficiency, allowing calculation of
aratio of the ECD and ICD in the same tissue, as opposed to serial
sections, as described previously (5). Although serial section
multiplexing predicted outcome, simultaneous measurement
and calculation of a ratio of the domains both confirms the
original observation and extends the hypothesis by showing
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increased predictive value of the ratio compared with ECD alone
(Fig. 3).

Another novel finding achievable only using IMC data was the
absence of correlation between HER2 ICD and EGFR and HER3.
Both EGFR and HER3 have been shown to heterodimerize with
HER?2, and heterodimers have the potential to behave differently
than homodimers of HER2. EGFR has been reported as over-
expressed in 24%-48% of HER2" tumors by IHC (25-27). In
addition, it has been shown that its expression might be associ-
ated with poor disease-free and overall survival after adjuvant, and
metastatic trastuzumab treatment (26, 27). In the case of HER3, its
presence has been observed in 27%-50% of HER2 " patients (25-
27) and linked to decreased progression-free survival after taxane
plus trastuzumab (27, 28). However, using IMC, where all the
antibodies are assessed simultaneously, the frequency of either
heterodimerization event appears to be very low by this method
of spatial fractionation. While it is hard to prove absence of an
interaction, this data from actual breast cancers does not
support the previous suggestions of the impact of heterodimer-
ization seen in preclinical models. IMC assessment, at a 40 x 40
pixel resolution, also shows a trend for positive correlation
between both domains of HER2 and AKT, but not with ERK,
MEK, and PI3K, even though these targets are known signaling
elements of the ERBB family of receptors (29). Because, in this
first study, low sensitivity may limit the accuracy of this finding,
further validation is needed for both of the above hypotheses
related to tyrosine kinase signaling, IMC appears to uniquely
reveal relationships not previously seen using conventional
in situ assessment methods.
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patients, suggesting a HER2-driven adaptive immune component.

Perhaps the most interesting observation for this IMC study is
the relationship between the ECD of HER2 and CD8. HER2™
breast cancer has been associated with increased cytotoxic T-cell
infiltration (30, 31). Within this subtype, increased tumor-
infiltrating lymphocytes have a prognostic value and are linked
to increased rates of pathologic complete response after
neoadjuvant-targeted treatment with trastuzumab, lapatinib, or
combination (30-32). This general observation has been used to
indirectly support the role of ADCC in response to trastuzumab.
Using a novel approach for spatial analysis using information on
individual pixels and their distances rather than cell segmenta-
tion (33), we show that CD8-expressing cytotoxic T cells are found
in close proximity to tumor cells with HER2 ECD with greater
frequency than those more prominently expressing HER2 ICD.
We also show diminution of this effect with distance, consistent
with the proximity required for ADCC. This observation pro-
vides a potential explanation for the improved outcome seen in
trastuzumab-treated patient with high tumor-infiltrating lympho-
cytes. Similarly, this is consistent with previous observations sug-
gesting that the presence of p95HER2 (4, 34) might play a role in
decreasing the adaptive antitumor response in HER2 " breast cancer.

While our study is quantitative and includes response to
treatment information, it has a number of limitations. First, the
use of TMAs can underestimate or overestimate biomarker levels
due to tumor heterogeneity. Ultimately, these observations will
need to be validated on conventional whole tissue sections.
Second, due to the relatively slow data collection process, our

series is a pilot study, limited to a small, selected population of 19
recurrent and 41 control patients. Future studies are planned to
include larger cohorts and prospectively collected tissues. Another
limitation is our inability to assess the role of natural killer (NK)
cells. While these cells are an important subset and could play a
role in the response, we were unable to validate and label NK
markers in this early biomarker panel.

In summary, objective measurement of HER2 ECD/ICD, sig-
naling targets, and CD8 using IMC delivers information that
might help identify patients that will derive benefit from targeted
treatment or immunotherapy. While the use of IMC in the clinical
setting is not immediately very likely, the IMC-derived discoveries
could be converted into clinical tests including a proximity assay
for CD8 and ECD and possibly an ECD/ICD ratio test, both
toward to goal of more accurately predicting response to trastu-
zumab and related HER2 axis therapies. In addition, our study
describes a method for spatial analysis of molecular abundance
that does not require cell segmentation. We hope this work will
support future efforts on understanding intracellular signaling
and the tumor microenvironment using these highly multiplexed
tools on patient tissues.
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