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The efficacy of the antibody drug conjugate (ADC) Trastuzumab deruxtecan (T-DXd) in HER2 low breast cancer patients suggests
that the historical/conventional assays for HER2 may need revision for optimal patient care. Specifically, the conventional assay is
designed to distinguish amplified HER2 from unamplified cases but is not sensitive enough to stratify the lower ranges of HER2
expression. Here we determine the optimal dynamic range for unamplified HER2 detection in breast cancer and then redesign an
assay to increase the resolution of the assay to stratify HER2 expression in unamplified cases. We used the AQUA™ method of
quantitative immunofluorescence to test a range of antibody concentrations to maximize the sensitivity within the lower range of
HER2 expression. Then, using a cell line microarray with HER2 protein measured by mass spectrometry we determined the amount
of HER2 protein in units of attomols/mm2. Then by calculation of the limits of detection, quantification, and linearity of this assay we
determined that low HER2 range expression in unamplified cell lines is between 2 and 20 attomol/mm2. Finally, application of this
assay to a serial collection of 364 breast cancer cases from Yale shows 67% of the population has HER2 expression above the limit of
quantification and below the levels seen in HER2 amplified breast cancer. In the future, this assay could be used to determine the
levels of HER2 required for response to T-DXd or similar HER2 conjugated ADCs.
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INTRODUCTION
Only about 15 percent of women diagnosed with breast cancer
are human epidermal growth factor receptor 2 (HER2) “positive”,
or ERBB2 gene amplified, and eligible for anti-HER2 therapy1.
Recently, a series of HER2-targeted therapies have been FDA
approved, in addition to trastuzumab2, pertuzumab3, and
lapatinib4, which have significantly improved clinical outcomes
for HER2-positive breast cancer patients5–9. However, all of these
HER2 targeting therapies only show efficacy in patients with
tumors with HER2 (ERBB2) gene amplification as defined by
immunohistochemical (IHC) stain of 3+ or a HER2/chromosome
enumeration probe 17 (CEP17) fluorescent in situ hybridization
(FISH) amplification ratio ≥2.0 and HER2 copy number signals/cell
≥410. Thus, the majority of breast cancer patients (85%) are
considered HER2 “negative” (IHC 0 or IHC 1+ or IHC 2+ and
FISH−)11 although they express HER2 at the low levels comparable
to that seen in normal breast ductal cells.
The paradigm of HER2 amplification tightly linked to therapy

efficacy is changing. Activity of trastuzumab deruxtecan (T-DXd), a
novel HER2-targeted antibody drug conjugate (ADC)12, is seen in
patients with HERE2 IHC scores of 1+ and 2+ (unamplified)13.
However, due to the design of currently used HER2 assays
(designed to distinguish HER2 amplified from unamplified tumors)
the scoring accuracy for HER2 IHC in the low range (0 and 1+) has
been shown to be poor, with less than 70% interrater agreement

on 15 of 80 College of American Pathologists Proficiency Testing
survey cases14. This is most likely due to the very weak staining of
tumors with HER2 protein in the low expression range of normal
breast epithelial cells. HER2 has a broad range of expression in
tumors from around 1000 molecules to over 1,000,000 molecules/
cell in some studies15,16. Very few assays have sufficient dynamic
range to span this 3-log difference in expression level. For
example, chromogenic IHC generally has less than one log of
linear dynamic range. Thus, to accurately assess HER2 protein
expression in breast cancer requires either more than one assay
with the use of more than one antibody concentration17 or an
assay with 3 log dynamic range.
While it might be valuable to have an assay that spans the full

dynamic range of HER2 expression, the existing assays for HER2
that distinguish amplified from unamplified HER2 are “fit for
purpose” and effective for trastuzumab and other drugs that target
amplified HER2. However, since the low range of expression is
missed by these assays, we set out to build a new assay with
resolution in the low range. While this might be possible with a
chromogenic assay, here we use quantitative immunofluorescence
coupled with a mass spectrometry standardized HER2 array to
generate an assay that can measure absolute amounts of HER2
protein in attomol/mm2 on conventional histology sections. An
overview of the assay development is shown in Fig. 1. Our goal was
to develop an assay specific to low HER2 expression and then to
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determine the prevalence of low-level expression in each specimen
from a serial, retrospective collection of breast cancer cases.

MATERIALS AND METHODS
Cell lines and culture conditions
A set of 7 cell lines were obtained from American Type Culture Collection
(ATCC, Manassas, VA 20110, USA) including: JURKAT #TIB-152, BT20 #HTB-
19, T47D #HTB-133, ZR-75-1 #CRL-1500, BT483 #HTB-121, AU565 #CRL-
2351, and BT474 #HTB-20. Each cell line was cultured in accordance with
the culture method provided by ATCC. Pellets from these cell lines were
produced, frozen, and shipped to Protypia for measurement of the
expression of HER2 in attomoles (amol)/µg of total protein.

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS)
Protein abundance of HER2 in the 7 cell lines was analyzed by LC-MS/MS at
Protypia, Inc, Nashville, TN, USA. Protein was extracted from frozen cell
pellets with the M-PERTM reagent (ThermoFisher Scientific, Rockford, IL)
supplemented with HALTTM protease inhibitor cocktail (ThermoFisher
Scientific) according to the manufacturer’s directions. Protein content was
analyzed with the BCA reagent (ThermoFisher Scientific) and 100 μg
protein was reduced, alkylated, and digested with trypsin as described
previously18. Standards of the HER2 peptides [13C6,

15N4-Arg]-DPPFCVAR
and [13C6,

15N4-Arg]-ELVSEFSR (99.5% isotopic purity; Vivitide, Gardner, MA)
were added to the tryptic digest, which was fractionated by high pH
reverse phase chromatography with disposable spin columns (Thermo-
Fisher Scientific). Fractions containing the target peptides were analyzed
by LC-MS/MS parallel reaction monitoring as described previously19. MS/
MS transitions for the labeled standard peptides and the unlabeled HER2
peptides from the samples were analyzed with Skyline20 and HER2 protein
abundances were calculated as amol/μg protein from the ratio of summed
signals for the three most intense MS/MS transitions for the sequences and
the added standard amounts.

HER2 calibration CMA
The HER2 calibration cell microarray (CMA) was built by Array Science LLC
(Sausalito, CA). The cell lines were arranged in two rows as shown in Fig. 2,
with two-fold redundancy.

HER2 Standardization Yale TMA (YTMA263), Breast Cancer
Cohorts (YTMA489, YTMA499) and the mammoplasty derived
Breast Tissue cohort (YTMA540)
The HER2 standardization tissue microarray (TMA) was built by extracting
0.6 mm cores from 80 FFPE breast carcinomas seen at Yale Pathology
between 1998 and 2011, 10 breast cell lines controls (prepared at Yale),
and 10 non-tumor breast tissue cores. Cases were arranged in columns
according to their HER2 status, as previously described21. The two breast
cancer cohorts (YTMA489 and YTMA499) used in this study were built from
263 and 190 FFPE serial breast carcinomas seen at Yale Pathology between
2011–2012 and 2013–2014, respectively. Results from CLIA-certified IHC
and FISH tests were extracted from the pathology reports. Two replicate
TMAs for each cohort derived from two independent YTMA489 and
YTMA499 blocks, each block containing one non-adjacent tumor core per
patient. Basic clinicopathologic characteristics collected from the available
tumor cores on the TMAs are shown in Supplementary Table 1. Similarly,
YTMA540 was built extracting 0.6 mm cores from FFPE breast tissue
samples derived from 16 female patients (age 18–62, median 36.5) without
any known breast pathology after reduction mammoplasty (cosmetic
surgery) between 2011–2014. Three replicates for each case were used on
the TMA.

Antibodies, immunohistochemistry, and quantitative
immunofluorescence
Validation of staining and protein expression. For antibody validation two
different HER2 antibodies that target the intracellular domain of HER2 were
tested; 29D8 (CST #2165; R-IgG) corresponding to residues surrounding
tyrosine 1248 of human HER2 protein and PATHWAY anti-HER-2/neu (4B5)
(Roche_#107918, R-IgG) corresponding to the TAENPEYLGL epitope
(residues 1242–1254) of human HER2 protein22. First, after using the same
working concentration, we compared the staining pattern of the two
clones in the same tumor spots of YTMA263 using the same staining
conditions. HER2 levels measured with 29D8 and 4B5 were highly
correlated (rS= 0.87, P < 0.0001) (Fig. 3A). Since 4B5 has been shown to
cross-react with ERBB422, we limited our analysis in this study to HER2
levels measured by 29D8. In addition, to account for inter-batch/operator
variability, after definition of the optimized conditions for the low range
HER2 assay, two independent operators stained the standardized
YTMA263 and the Calibration CMA, showing high concordance and
reproducibility among batches/operators. (Fig. 3B, C)

Fig. 1 Schematic overview of the low HER2 assay. Cell lines with a range of HER2 expression, as quantified by LC-MS/MS are used to
generate a cell microarray (CMA) standard. Determination of the cell area in mm2, allows the transformation of the HER2 expression from
amol/ug of total protein to amol/mm2. The CMA is stained using different primary anti-HER2 antibody concentrations and the Limit of
Detection (LOD)/ Limit of quantification (LOQ) and Limit of Linearity (LOL) are identified. Linear regression analysis between AQUA Score and
amol/mm2 allows for the generation of a standard curve that can be used to calculate HER2 expression in amol/mm2 on a tissue area basis.
Breast cancer tissue is stained and analyzed by AQUA. After analysis, HER2 expression/case is quantified by amol/mm2. Liquid
Chromatography (LC) with tandem mass spectrometry, LC-MS/MS; Cell MicroArray, CMA; Tissue MicroArray, TMA; Immunofluorescence, IF;
Automated Quantitative Analysis, AQUA; Cytokeratin, CK.
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Staining protocol (IHC). Chromogenic staining was performed (Liquid
DAB+ Substrate Chromogen, Dako), followed by counterstain with Tacha’s
hematoxylin (Biocare Medical, Concord, CA, USA) for three minutes and
dehydration with ethanol and xylene. Low pH retrieval for 40min on the
Leica Bond III Refine polymer DAB detection and HER2/ErbB2 clone EP3
Epitomics 1:100 was used in the Yale CLIA lab (Fig. 2A). HER2/ErbB2 29D8
(clone 29D8, #2165, Cell Signaling Technology) at 1.28 μg/ml and a
pressure boiling container (PT Module, Lab Vision, Thermo Scientific,
Waltham, MA) were used in the Rimm Lab (Fig. 2B). Finally, slides were
cover-slipped using Cytoseal 60 (Thermo Scientific, Waltham, MA) and
were visualized in Aperio ScanScope XT platform.

Digital image analysis (DIA). The Aperio ScanScope XT platform was used
at ×40 to digitize the slides. QuPath (open source software) was used to
evaluate the area (mm2)/ cell for each cell line23. Automatic cell
segmentation detected individual nuclei or cells and supported the
assignment of measurements of the area occupied by each cell. Four
independent CMA slides were used, each with two-fold redundancy. The
average cell area of 8 measurements per cell line was used to calculate the
area (mm2)/cell.

Staining protocol (HER2/CK/DAPI) (QIF). Briefly, after TMA/CMA sections
were deparaffinized, we subjected them to antigen retrieval with EDTA pH
8 buffer at 97 °C for 20min in a pressure boiling container (PT Module, Lab
Vision, Thermo Scientific, Waltham, MA). Next, we incubated the slides with
a solution of 0.3% hydrogen peroxide in methanol for 30min, to block
endogenous peroxidase activity, followed by another 30min incubation
with 0.3% bovine serum albumin with 0.05% tween-20 blocking solution.
Primary antibody against HER2 (clone 29D8, Cell Signaling), was applied on
the tissue for overnight incubation at 4 °C, at seven different concentra-
tions/dilutions (0.000128 μg/ml to 12.8 μg/ml), and with cytokeratin (CK) at
1:100 dilution (monoclonal mouse anti-human cytokeratin, clone AE1/AE3;
wide spectrum screening, Dako, Glostrup, Denmark). The secondary
antibodies used included anti-rabbit EnVision reagent (Dako) and
secondary anti-mouse Alexa Fluor 546 (Invitrogen, 1:100), for HER2 and
CK, respectively. Cy5 tyramide (PerkinElmer, 1:50) was used to visualize
HER2 positive cells. We used 4′,6-diamidino-2-phenylindole (DAPI) to
counterstain and visualize nuclei, and we mounted the slides with ProLong
Gold Antifade reagent (Invitrogen).
Additionally, two slides derived from each of two independent YTMA489

and YTMA499 blocks, each block containing one non-adjacent tumor core

per patient, were subjected to the same staining procedure at the same
days to account for batch variation, using the low HER2 assay.

Image acquisition and quantification. Fluorescent images were acquired
using a PM-2000 system (Navigate Biopharma, Carlsbad, CA, USA) and the
AQUA™ method of QIF was used to determine levels of expression. An
AQUA score was generated by dividing the sum of target pixel intensities
by the area of the molecularly designated compartment, as previously
described24. To distinguish tumor from tissue stroma and other
components, an epithelial tumor “mask” was created by binarizing the
CK signal and creating an epithelial compartment. AQUA scores were
normalized to the exposure time and bit depth at which the images
were captured, to compensate for any variability. All acquired TMA spots
were visually assessed and cases with staining artifacts or less than 2%
tumor (CK staining) were omitted from the analysis.

RESULTS
Quantitative measurement of HER2 levels in cell lines
To produce a standardization CMA, LC-MS/MS assays were used
for HER2 measurements in cell pellets derived from 6 breast
cancer cell lines (BT-20, T-47D, ZR-75-1, BT-483, AU565, BT-474)
and one non-breast cancer cell line (JURKAT) as a negative control.
The linear range of the LC-MS/MS assay was explored via cell
mixing experiment with BT-474 (HER2 high expressing) and
JURKAT (HER2 null expressing) in serial triplicate dilutions in LC-
MS/MS measurements (Supplementary Table 2, Supplementary
Fig. 1A).
The DPPFCVAR (extracellular domain of the HER2 protein) and

ELVSEFSR peptide (intracellular domain of the HER2 protein) were
measured for each of the 7 cell pellets in amol/ug of total protein,
by LC-MS/MS at Protypia. Quantification of HER2 in attomole/ug
spanned from 25 amol/ug in BT-20, the lowest unamplified line to
1435 amol/ug in the highest amplified line (BT-474). HER2 was
not detected in JURKAT cells. HER2 levels measured by both
DPPFCVAR and ELVSEFR peptides were highly correlated (Spear-
man coefficient r= 1.00, P= 0.004) (Supplementary Fig. 1B). Since
the HER2 extracellular domain has been found to be enzymatically
cleaved from the cell membrane [23] in breast cancer cells and

Fig. 2 HER2 Calibration CMA from Array Science. A IHC staining with HER2/ErbB2 EP3 Epitomics 1:100 was performed at Clinical Laboratory
Improvement Amendments (CLIA) laboratory at Yale New Haven Hospital. B IHC staining with HER2 29D8 (clone 29D8, #2165, Cell Signaling
Technology) at 1.28 μg/ml was performed in our lab.
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since most of the common clinical assays use cytoplasmic domain
antibodies, we used the intracellular ELVSEFSR peptide measure-
ments as our HER2 analyte in this study.

HER2 calibration CMA and DIA
After determining HER2 concentration in amol/µg of total protein
for each cell line we constructed a CMA (Array Science, LLC) using
the same cell lines (Fig. 2, Table 1) so we could convert amol/ug
to amol/mm2. To build an assay that is optimized for low HER2
expression we focused on the non-amplified cell lines of this array
(JURKAT, BT-20, T-47D, ZR-75-1, and BT-483)25. To convert amol/
µg of total protein in cells to amol/area occupied by cells on the
slide, we used QuPath (open-source software) to evaluate the
area (mm2)/ cell for each cell line on our CMA. The average
value of the measurements in 4 different subsequent slides was
used as the reference value for area/ cell in mm2. (Supplementary
Tables 3, 4).

Assay development and determination of limits of detection
and quantification
As it has been previously described, by Gonzalez and Herrador26,
the response function or calibration curve between the analytical
signal and the concentration of analyte is a monotonic function27.
Several mathematical models, such as mathematical transforma-
tions as well as weighted regression techniques, can examine how
the response varies as a function of analyte concentration26. The
simplest model often found in analytical methodology is the linear
regression analysis, leading to predicted responses according to
Eq. (1).

Y ¼ aX þ β (1)

where α is the slope and β the intercept, with standard deviations
sα and sβ, respectively.

In this study, Y corresponds to the AQUA scores and X to the
amol/mm2.
Limit of Detection (LOD) and limit of quantitation (LOQ) are two

parameters reciprocally derived from the assay sensitivity and are
used to assess performance characteristics. LOD is the lowest
concentration of analyte that can be detected and reliably
distinguished from the noise level of the system, but not
necessarily quantified; the concentration at which a measured
value is larger than the uncertainty associated with it. LOD can be
expressed in response units (YLOD) and is estimated by using the
expression28:

YLOD ¼ Yblank þ 3 Sblank (2)

where Yblank and Sblank are the average value of the blank signal
and its corresponding standard deviation, respectively, obtained
by measuring at least a minimum of 10 independent sample
blanks. Blank samples in this case are defined as samples on which
primary antibody is omitted from the staining process (see below).
LOQ is the lowest concentration of analyte that can be

determined quantitatively with an acceptable level of precision28.
The procedure for evaluating LOQs is equivalent to that of LODs,
by measuring at least 10 independent sample blanks and using
the factor 10 instead of 3 for calculations:

YLOQ ¼ Yblank þ 10 Sblank (3)

To estimate the Yblank we used the standardized HER2 YTMA263
array, which has more than 10 cases of low HER2. After obtaining
the AQUA scores of low HER2 cases (IHC of 0, 1+, 2+/NOT
Amplified) when no primary antibody against HER2 was added to
the IF protocol, we estimated the Y blank and S blank, as described
above. (Supplementary Fig. 3A).
To convert LOD and LOQ expressed in signal units (YLOD, YLOQ)

to analyte concentration units (ZLOD, ZLOQ)
26 we used the

calibration function below:

Z ¼ Y � β

α
(4)

Using seven dilutions of the primary antibody (HER2/ErbB2
29D8) ranging from 1.28 ng/ml to 12.8 ug/ml we stained the
YTMA263 (Supplementary Fig. 2B–H) and the calibration CMA
(Supplementary Fig. 3A–G). Linear regression analysis for the
signal response (normalized AQUA score) and the analyte
concentration (amol/mm2) is shown in Fig. 4 for the standardiza-
tion CMA. Using the Eqs. 1–4 we were able to identify the LOD
and LOQ for each assay. We determined that the optimal assay for
low HER2 quantification was at 1.28 ug/ml of 29D8 primary
antibody. As shown in supplementary fig. 3D, this concentration
of antibody generates the highest level of signal in the

Fig. 3 Validation and quality control of the antibody reagents. A Correlation between two different clones of the HER2 ICD Scatter plots
showing correlation between Operator 1 and Operator 2 in C the calibration CMA and B the YTMA263 using the low HER2 assay. Spearman
correlation coefficient, rS; P-value, P.

Table 1. Cell line array characteristics.

Cell Line HER2
amplification status

ELVSEFSR
(ICD) amol/
μg of total
protein

Calculated
peptide
amol/mm2

Jurkat NOT detected – 1

BT-20 NOT amplified 25 6.8

T-47D NOT amplified 45 13.0

ZR-75-1 NOT amplified 74 18.4

BT-483 NOT amplified 89 21.9

AU565 Amplified 773 170.7

BT-474 Amplified 1435 431.0
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unamplified cell line (BT-483) with the lowest level of noise (signal
from the Jurkat cells). At 1.28 μg/ml of HER2 29D8 antibody, the
calculated LOD was 0 amol/mm2 and the LOQ was 2.8 amol/mm2.
In addition, to estimate the limits of assay linearity, described by
Huber29, we evaluated the response factors RF for each assay
(Supplementary Fig. 4A–G). The linear range of responses
corresponds to the analyte concentrations from the point
intersecting the line y= 1.05α up to the point that intersects
the line y= 0.95α, assuming that the model is linear and without
intercept. For the 1.28 μg/ml assay the upper limit of linearity
(LOL) was 19 amol/ mm2.

Exploration of the LOQ, LOL of the low HER2 assay in 364
clinical cases characterized by IHC/ISH and in in 11 reduction
mammoplasty cases
Having identified the optimal linear low HER2 assay we sought to
apply it on a large cohort containing samples from patients with
breast cancer collected between 2011–2014 at YNHH. Using TMAs
with 364 tumor cores, in two-fold redundancy, we measured levels
of expression of HER2. The average value of two cores/ patient
was used for the analysis. The transformation of signal response
(AQUA scores) to analyte concentration units (amol/mm2) was
done based on the regression analysis equation of the optimal
assay (Y= 296.4x= 607.9- Fig. 4D). Figure 5 shows a histogram of
all of the cases colored by the pathologist score (0= blue, 1= red,
2= black and 3= green). The Y-axis shows the level of HER2 in
amol/mm2 in 364 breast cancer tissue TMA cores. Example images
of IHC1+ and 2+ cases are shown in Fig. 6A–D. Using this assay,
61 out of 364 cases (17%) were below the LOQ and 58/264 (16%)
were above the LOL. Most of the cases (67%) were within the
linear range of the assay. Interestingly, cases with IHC 2+, 1+ and
0 had a broad dynamic range of HER2 expression, consistent with
previous observations that accurate scoring of low range cases by
pathologists using the conventional IHC assays is challenging or
impossible. Also note that the quantitative measurements were on
tissue microarray spots while the pathologist scores are from
whole tissue sections.

Some pathologists use the term “HER2-normal” rather than
“HER2-negative” to reflect the fact that normal breast epithelial
cells express HER2. To investigate the dynamic range of HER2
expression in breast tissue without a known pathologic condition
we applied the low HER2 assay to 11 available samples of the
YTMA540, a cohort built from reduction mammoplasty cases
between 2011–2014. We noticed that none of these cases passed
the threshold of 10 amol/mm2 (Supplementary Fig. 5). Although
more cases will be investigated with this assay in the future, the
preliminary data show that normal breast ducts express HER2
across a range of 2.5 and 10 amol/mm2. It will be interesting to see

Fig. 4 Regressions of the control cell lines show reproducibility and correlation at each tested antibody concentration. The linear
regression of the scores as a function of amol/mm2 for each antibody (29D8) concentration. The equations of the linear regression were used
to measure the LOD and LOQ for each assay using 2–4 fold redundancy.

Fig. 5 The distribution of breast cancer cases in a serially
collected population showing many cases above the LOQ that
would be considered negative by the conventional assay. A
histogram of the low HER2 assay in 364 breast cancer patients,
measured in amol/mm2. Color coding corresponds to the IHC
HER2 scoring; green (3+), black (2+), red (1+), blue (0), grey (NA, Not
Available). LOQ limit of quantification; LOL limit of linearity; IHC
immunohistochemistry. Letters A through D are cases illustrated in
Fig. 6.
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in the future which patients will benefit from ADCs and if their
tumor HER2 level will be above the “normal” cutpoint (10 amol/
mm2).

DISCUSSION
In this study, we have constructed and validated a new assay for
HER2 expression on histologic preparations using quantitative
fluorescence and a series of ERBB2 gene unamplified cells lines
expressing HER2 protein. The assay is based on mass spectrometry
determination of the amount of HER2 protein combined with
display in array format for standardization. The expression is
measured in attomols/ug total protein in the cell lines, then
converted to attomols/mm2 by image analysis and determination
of area, supported by the AQUA method of analysis which allows
assessment of signal per area rather than per cell. The resultant
assay is linear between 2 and 20 attomols/mm2, which is below
the levels seen in amplified cell lines or tumors, but within the
range of expression seen in normal breast epithelium. We believe
this assay will allow measurement of HER2 in the critical range
where the HER2 targeting ADC drugs will be effective, but also the
range that lacks reproducibility with current assays.
HER2 protein expression spans about 3 orders of

magnitude15,16. Previous studies have estimated a functional
range for conventional chromogenic stain-based assays between
1 and 1.5 orders of magnitude17. The functional range for
fluorescence-based assays is extends to 2+ orders of magnitude
(Supplementary Fig. 2) and LC-MS/MS assays to 3.5 log (Supple-
mentary Fig. 1). Although the current assay combination of IHC

and ISH can separate amplified from unamplified cases (with
sensitivity as high as 95%)1, it is insufficient to identify low levels
of HER2 expression. This is because the assay is designed to
distinguish gene amplified levels of HER2 from gene unamplified
levels. To span the full dynamic range of breast cancer HER2
expression more than one assay is needed. Here we have
developed an assay that is complementary to the conventional
assay with sensitivity and linearity in the range of HER2 that is
largely below the conventional assay usage threshold. We
anticipate that this assay can be incorporated in the clinical
setting for these low- HER2 unamplified cases allowing more
accurate patient stratification for potential benefit from ADC
therapy.
This effort has a number of limitations. The most significant is

that this work is done with heavy reliance on TMAs that neither
replicate the clinical specimens nor suffer the heterogeneity of
clinical specimens. However, to some extent, the challenge of
heterogeneity is addressed by averaging expression over area
rather than per cell. That is, our units are amols/mm2, so
heterogeneity can be averaged. We are in the process of
determination of the area required for assessment of clinical
specimens (core biopsies), but that work is beyond the scope of
this initial assay description. A second limitation is the dynamic
range. While immunofluorescence-based assays have more linear
dynamic range than chromogens, they still use enzyme amplifica-
tion, and the assay is still limited by other factors common to IHC
including sample processing and fixation and stability of protein
antigens30–32. Finally, a major limitation of the work is that we
have been unable to test any tissue from patients treated with

Fig. 6 An illustration of HER2 low expressing cases with membranous expression pattern. Representative images of cases from Fig. 5
showing IHC 1+ (A) 3.2 amol/mm2 (B), 15 amol/mm2 and IHC 2+, (C) 2.8 amol/mm2 and (D) 7.8 amol/mm2.
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HER2 targeting ADCs. While data from the early trials suggest the
ADCs are effective in patient whose tumors express HER2 in a low
range13,33, the threshold for drug efficacy has not yet been
determined. To demonstrate the clinical utility of the assay, it will
be necessary to retrospectively quantitatively analyze samples
with measured clinical responses to an HER2-targeted ADC
therapy, followed by prospective clinical trials.
In summary, we believe this new HER2-V2 assay should allow for

objective and quantitative low HER2 assessment and that this tool
could improve patient care by optimal selection of patients that
will benefit from HER2 targeting of ADC drugs.
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