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A B S T R A C T

Tumor-agnostic testing for NTRK1-3 gene rearrangements is required to identify patients who may
benefit from TRK inhibitor therapies. The overarching objective of this study was to establish a high-
quality pan-TRK immunohistochemistry (IHC) screening assay among 18 large regional pathology
laboratories across Canada using pan-TRK monoclonal antibody clone EPR17341 in a ring study
design. TRK-fusion positive and negative tumor samples were collected from participating sites, with
fusion status confirmed by panel next-generation sequencing assays. Each laboratory received: (1)
unstained sections from 30 cases of TRK-fusion-positive or -negative tumors, (2) 2 types of reference
standards: TRK calibrator slides and IHC critical assay performance controls (iCAPCs), (3) EPR17341
antibody, and (4) suggestions for developing IHC protocols. Participants were asked to optimize the
IHC protocol for their instruments and detection systems by using iCAPCs, to stain the 30 study
cases, and to report the percentage scores for membranous, cytoplasmic, and nuclear staining. TRK
calibrators were used to assess the analytical sensitivity of IHC protocols developed by using the 2
reference standards. Fifteen of 18 laboratories achieved diagnostic sensitivity of 100% against
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next-generation sequencing. The diagnostic specificity ranged from 40% to 90%. The results did not
differ significantly between positive scores based on the presence of any type of staining vs the
presence of overall staining in �1% of cells. The median limit of detection measured by TRK cali-
brators was 76,000 molecules/cell (range 38,000 to >200,000 molecules/cell). Three different pat-
terns of staining were observed in 19 TRK-positive cases, cytoplasmic-only in 7 samples, nuclear and
cytoplasmic in 9 samples, and cytoplasmic and membranous in 3 samples. The Canadian multi-
centric pan-TRK study illustrates a successful strategy to accelerate the multicenter harmonization
and implementation of pan-TRK immunohistochemical screening that achieves high diagnostic
sensitivity by using laboratory-developed tests where laboratories used centrally developed refer-
ence materials. The measurement of analytical sensitivity by using TRK calibrators provided addi-
tional insights into IHC protocol performance.

© 2023 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian Academy
of Pathology. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

The TRK proteins (TrkA, TrkB, and TrkC), encoded by NTRK
genes (NTRK1, NTRK2, and NTRK3), are transmembrane receptor
tyrosine kinases that bind neurotrophins and regulate prolifera-
tion, differentiation, and maturation of a variety of neural tis-
sues.1,2 Oncogenic fusions involving TRK proteins have been
documented across a wide spectrum of malignancies including
sarcomas, gliomas, and carcinomas.1,3-5 Their prevalence varies
from less than 1% in common cancer types such as lung and
colorectal adenocarcinomas,6,7 to more than 80% in secretory
carcinomas of the breast and salivary glands.8-10 Oncogenic TRK
fusion proteins result from chromosomal rearrangements
involving NTRK genes containing the C-terminal tyrosine kinase
domain of NTRK and the N-terminus of one of nearly 100 fusion
partners described to date.1,2,11,12

Selective TRK tyrosine kinase inhibitors have been studied in
clinical trials involving advanced and/or metastatic tumors with
NTRK rearrangements, with promising results.13-15 Consequently,
there is a need to effectively screen for TRK-fusion-containing
tumors. Current recommendations include direct molecular
testing in tumors with high prevalence of TRK fusions,16-18 yet
this approach may be impractical and cost-prohibitive in ma-
lignancies with low prevalence. Pan-TRK immunohistochemistry
(IHC) with monoclonal antibody EPR17341 was suggested as a
screening tool to identify cases in which abnormal TRK protein
expression would result in fusion testing being pursued.19 This
strategy has been successful in multiple cancer types at various
institutions.20-24

Despite multiple studies, there is currently no standard
recommendation for scoring and interpreting pan-TRK IHC. Some
studies accepted the presence of any staining above background,
in any compartment (cytoplasmic, nuclear, or membranous) as
positive,22 whereas others required at least 1% of cells showing
staining in any of the 3 compartments.20,23,24 Furthermore, there
is no consensus on the acceptable sensitivity and specificity of
pan-TRK IHC in detecting NTRK rearrangements or what reference
standards could be helpful in the process of laboratory-developed
test (LDT) development.

The objective of the Canadian multicentric pan-TRK (CANTRK)
ring studywas to optimize testing protocols to detect cancers with
TRK fusions across 18 pathology and molecular diagnostics labo-
ratories across Canada, using pan-TRK IHC for screening and panel
NGS for detecting NTRK gene fusions. The companion CANTRK-
NGS study has recently been reported.25 The current manuscript
details the design, execution, and results of the IHC part compo-
nent of the CANTRK project.
2

Materials and Methods

Ring Study Design

The study was approved by the ethics review boards of the
University Health Network and participating centers that
contributed samples. Ten of the participating institutions used the
BenchMark ULTRA platform, 5 used Dako OMNIS, 2 used Leica
Bond III, and 1 laboratory used Dako Autostainer.

At the start of the study, selected participating institutions
contributed tumor blocks from 40 cases that satisfied one of the
following criteria: (1) have a high prevalence for NTRK fusion (eg,
secretory carcinoma of salivary gland or breast, ganglioblastoma,
infantile fibrosarcoma), (2) are known to harbor an NTRK fusion
from molecular workup, or (3) are from existing tissue micro-
arrays of various tumor types that have been screened by pan-TRK
immunohistochemistry and were suspicious for TRK positivity.
Ten cases were excluded to avoid diagnostic/molecular redun-
dancy or due to insufficient material. The remaining 30 cases were
analyzed using NGS panel assays (Oncomine Comprehensive
Assay v3, ThermoFischer or FusionPlex Lung, ArcherDX) at 2
molecular diagnostic laboratories as described in the CANTRK-
NGS study.25 Altogether 19 cases were initially confirmed as
positive and 11were negative for TRK fusions. One positive sample
was further excluded for tissue quality and technical reasons
(CANTRK-22, see Results). The final study set is summarized in
Table 1.

Each participating laboratory received: (1) duplicate sets of 30
unstained slides (4 mM) from the 19 fusion-positive and 11 fusion-
negative cases; (2) 2 unstained slides with pan-TRK iCAPCs, pro-
duced for this study and consisting of sections of appendix, kid-
ney, and TRK-expressing cell lines (KM12 obtained fromNCI-DTCD
and CUTO-3 obtained courtesy of Dr R.C. Doebele, University of
Colorado Cancer Centre; (3) TRK IHC calibrator slides designed
specifically for this study and containing 10 different levels of TRK
peptide allowing for measurement of limits of detection (LOD)
(Boston Cell Standards); and (4) EPR17341 antibody (either Roche/
Ventana Assay or Abcam), together with a rabbit monoclonal
negative control Ig (Cat. No. 790-4795). The laboratories running
the BenchMark instruments were provided the VENTANA IHC
pan-TRK Assay (see Supplementary Table S1). The laboratories
using other staining instruments were provided with the Abcam
EPR17341 pan-TRK antibody concentrate (ab181560). Laboratories
that used Ventana IHC pan-TRK Assay could choose to either
follow the recommended protocol as per the manufacturer spec-
ification sheet of the assay (recommended by study protocol) or
could modify the IHC protocol conditions and develop their LDT
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Table 1
The composition of the 30-sample test set listing the diagnoses, gene rearrange-
ments, and immunohistochemistry staining patterns

Fusion (N ¼ 19) Diagnosis CþM C CþN

Pattern of staining by fusion

ETV6::NTRK3 Secretory breast carcinoma 1

Infantile fibrosarcoma 1

Papillary thyroid carcinoma 1

Salivary gland secretory carcinoma 8

LMNA::NTRK1 Dysplastic-type nevus 1

WNK2::NTRK2 Ganglioblastoma 1

STRN3::NTRK2 Ganglioblastoma 1

TPR::NTRK1 Lung adenocarcinoma 1

TPM3::NTRK1 Lung adenocarcinoma 1

Papillary thyroid carcinoma 2

SPECC1L::NTRK3 Sarcoma, NOS 1

Total 3 5 11

Pattern of staining by NTRK gene

Involving NTRK1 3 2

Involving NTRK2 2

Involving NTRK3 1 11

C, cytoplasmic only; CþM, cytoplasmic and membranous; NþC, nuclear and
cytoplasmic.
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with the Ventana IHC pan-TRK prediluted Ab by using iCAPCs as
reference standards. All laboratories that used antibody concen-
trate developed new IHC protocols (LDT) by using reference
standards (tissue samples and cell lines) with their own or cen-
trally suggested LDT IHC protocols. The stained slides were
assessed, and the presence of staining and staining percentage
were scored for membranous, cytoplasmic, and nuclear com-
partments by individual site pathologists before they were
returned to the central laboratory. The readouts were also cen-
trally reviewed by a single pathologist (E.T.).
Reference Standards/Materials

1. IHC Critical Assay Performance Controls

The iCAPCs design included appendix, kidney, liver, and cell
lines with and without TRK fusions (KM12, CUTO-3, and A549).
For this study, the iCAPCs included a descriptive lower LOD (d-
LOD) defined as ganglion cells in the myenteric plexus of the ap-
pendix and/or juxtaglomerular apparatus of the kidney, or peri-
vascular (autonomic nerve) plexus in small arteries of the kidney.
The acceptability criteria for iCAPCs’ results included achieving
strong staining of the positive cell line and variable but at least
focally strong staining of the d-LOD (as per above). Other types of
cells/tissues tested as well as negative cell lines were expected to
be negative. If the developed protocols successfully demonstrated
the above acceptability criteria, they would then be used to stain
the 30 study cases.

2. TRK Calibrators

The slides with calibrators were manufactured by the Boston
Cell Standards (BCS) specifically for this study. The calibrators
included glass beads with 10 different levels of peptide that were
used to generate the EPR17341 antibody. Negative control beads
were also included. The calibrators were used to lower LOD or the
lowest amount of TRK molecules/cell, which resulted in positive
staining. The results were assessed centrally as per a previously
described protocol.26
3

Immunohistochemistry Protocols

Two of the participating Canadian laboratories have previously
validated their pan-TRK IHC protocols against their local NGS re-
sults. One used an Omnis instrument and the relevant detection
system from Dako, and one used Bond III (Leica Biosystems). The
pan-TRK IHC protocol for Ventana instruments was also available
on the manufacturer’s IHC pan-TRK Assay instruction sheet. These
protocols were tested and made available for consideration as a
starting point for all other participating laboratories. Additional
alternative LDT IHC protocols were developed by using the
“signal-to-noise” ratio approach by the CANTRK central laboratory
and were available for consideration and guidance to participating
laboratories. The initial staining protocol was then optimized us-
ing locally developed control tissues, as well as centrally provided
iCAPCs that included various tissues and cell lines. Once the
acceptability criteria were met for the iCAPC results, the labora-
tories were asked to stain the study sample cohort of 30 tumor
slides and calibrators. Criteria for acceptability for study cases
were 100% sensitivity and >80% specificity against central NGS
results. Laboratories that did not reach acceptability criteria for
diagnostic sensitivity and specificity, were asked to consider
further optimization of their pan-TRK IHC protocols; however, this
was considered optional as long as the diagnostic sensitivity of the
protocols was 100% against NGS.
Results

TRK Calibrators Results

The TRK calibrator results are presented in Table 2. All but 3
laboratories developed protocols with 100% sensitivity, using a
wide range of IHC protocols that differed greatly in the quality and
intensity of staining (Fig. 1). This was evident even in cases that
would be considered strongly positive with optimal protocols. The
results of TRK calibrators indicated that when the measured LOD
was �60,000 TRK molecules/cell, no NGS-positive cases would be
missed by IHC. This cutoff was especially important for cases with
overall weak expression of TRK where differing protocols meant
falling just above or just below the cutoff (Fig. 2). There was an
excellent correlation between the percent positive cells and the
ability to detect weak nuclear or membranous staining when the
above-defined LOD was achieved. The assay with the worst
sensitivity (highest LOD) was the Roche Pan-TRK Assay when
performed strictly adhering to the manufacturer’s protocol
(Table 2). When the Roche Pan-TRK Assay IHC protocol was
modified by extending the incubation time for the RTU antibody,
the analytical sensitivity of the IHC protocols was improved.
IHC Staining Patterns

Three different patterns of staining were observed, including
cytoplasmic, nuclear, and membranous with various combina-
tions in different cases. A study case that showed all 3 patterns of
staining is illustrated in Figure 3. There was a tendency for the
least-sensitive assays to miss weak staining in one or more of the
cellular compartments, especially weak nuclear and focal weak
membranous staining (Figs. 3 and 4). By self-assessment,
participating pathologists reported cytoplasmic-only staining in
7 samples, nuclear and cytoplasmic in 9 samples, and cyto-
plasmic and membranous in 3 samples. No pathologist reported



Table 2
The measured LOD and overall sensitivity and specificity of pan-TRK IHC protocols against NGS results

Laboratory Phase 2 LOD (�103

molecules/cell)
Any positivity readout
sensitivity (%)

Any positivity readout
specificity (%)

1% Readout
sensitivity (%)

1% Readout
specificity (%)

1 >200 100 56 100 67

2 70 100 70 100 70

3 76 100 67 100 67

4 151 100 56 100 56

5 40 100 50 100 50

6 64 100 70 100 70

7 69 100 60 100 70

8 49 95 (100)a 40 95 (100)a 40

9 146 79 90 79 90

10 173 84 80 84 80

11 48 89 (100)a 80 89 (100)a 80

12 78 100 60 100 60

13 38 100 50 100 50

14 >200 84 80 84 80

15 169 100 80 100 80

16 52 100 60 100 60

17 152 100 60 100 60

18 67 100 70 100 70

LOD, limits of detection.
a The results in the parentheses indicate corrected sensitivity results following expert readout/assessment.
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membranous-only, nuclear-only, or combined membranous and
nuclear pattern without cytoplasmic staining. The distribution of
patterns of staining in relation to NGS results is shown in Table 1.
Instrument-Based Results

Optimal protocols could be reached on all instruments used by
participating laboratories. Similar or same LDT IHC protocols
developed on the Roche or Leica Biosystems instruments achieved
comparable results when tested in different laboratories using the
corresponding instruments. This indicated that methodology
Figure 1.
Tumors with the highest expression of TRK were positive in IHC protocols with low analy

4

transfer for this assay appears to be broadly feasible even for LDT
protocols with these platforms. However, LDT IHC protocols were
not transferable when developed/performed on a Dako Omnis
instrument. Although it is entirely possible to develop optimal
protocols on the Dako Omnis, our experience showed that labo-
ratories that developed significantly different protocols for this
instrument sometimes achieved the same or similar results
(Fig. 5), whereas when they used the same protocols they some-
times achieved significantly different results. It is not clear
whether this may be due to differences in instrument calibration
or some other reason. The final protocols used by laboratorieswith
Ventana/Roche platform are depicted in Supplementary Table S2.
tical sensitivity (A) and high analytical sensitivity (B). IHC, immunohistochemistry.



Figure 2.
Even smaller differences in measured analytical sensitivity seemed to be critical for low-positive tumors. In our study, 60,000 molecules/cell was a threshold that needed to be
achieved to demonstrate positivity in weakly positive tumors unequivocally. The same tumor when stained with the IHC protocol with an LOD of 69,000 molecules/cell was
negative and when stained with the IHC protocol with an LOD of 52,000 molecules/cell was positive. IHC, immunohistochemistry; LOD, limit of detection.
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Optimal protocols for the other 2 platforms were also included in
Supplementary Table S2.
Preanalytical Issues

Some heterogenous staining patterns observed in large surgi-
cal resections suggested poor tissue preservation secondary to
delayed fixation, especially in the center of samples. This is illus-
trated in Figure 6.
Figure 3.
This tumor shows all 3 patterns of staining including cytoplasmic, membranous, and
nuclear (arrows). Weak nuclear staining is easily missed if not specifically searched
for (dashed arrow).

5

Diagnostic Sensitivity and Specificity Against NGS Results

During the analysis it became apparent that 1 sample
(CANTRK-22) gave a “false-negative” result by all participants/
laboratories. This was a case of infantile fibrosarcoma of the
lung, a tumor well known for its association with ETV6::NTRK3
and which had previously undergone molecular diagnosis for
this fusion at the original laboratory. In the parallel CANTRK-
NGS study,25 this fusion could not be detected by all labora-
tories, whereas all other fusions were confirmed. The review
showed that the tissue provided by the contributing laboratory
showed prominent autolysis and did not appear to be repre-
sentative of the tumor. Therefore, this sample was eliminated
from the analysis and the sensitivity and specificity values
presented in Table 2 were calculated after the exclusion of
sample CANTRK-22.

The overall results are shown in Tables 1 and 2. Defining
a positive result either as any positivity or as the presence of
staining in any of the 3 compartments in >1% of cells gave
similar results with minimal differences. Specifically, the
diagnostic sensitivity values remained the same, whereas the
diagnostic specificity values increased slightly for 2 of the
laboratories. The results of the sensitivities and specificities
are also summarized in Figure 7. The overall agreement be-
tween the study center pathologists and the central pathol-
ogist (E.T.) was very high; it was 100% in 8 laboratories, 97%
in 3 laboratories, 96% in 1 laboratory, 93% in 5 laboratories,
and 90% in 1 laboratory (Supplementary Fig. S1.). The his-
togram of all self-assessment results for all cases is sum-
marized in Supplementary Figure S2. There was no
association in the level of overall agreement and the number
of positive vs negative cases. For example, there was 100%
agreement in the readout for the laboratory with the highest
number of negative results.



Figure 4.
Granular cytoplasmic positivity may be an artifact of IHC protocol (A) but also real (B). The artifactual granular and often dot-like positivity not only in the cytoplasm but also in
the nuclei and the plasma membrane are typically seen on the Roche/Ventana platformwith OptiView detection systemwhen OptiView Amplification is added at the end. This is
illustrated in (A) with a tumor that showed diffuse cytoplasmic positivity with any of the other detection systems. Some tumors appear to have genuine cytoplasmic granularity,
which is illustrated in (B) and was demonstrated by most IHC protocols irrespective of the platform. IHC, immunohistochemistry.
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Discussion

The objective of this study was to harmonize the pan-TRK
IHC screening testing among 18 regional Canadian pathology
laboratories using pan-TRK monoclonal antibody clone
EPR17341. Once optimized, the pan-TRK IHC test would then be
used to screen groups of tumors known for their low prevalence
of TRK fusions and perform confirmatory molecular testing on
Figure 5.
Same tumor stained on a DAKO Omnis instrument in 3 different laboratories. Omnis 1 use
Omnis 3 use the same protocol with 1:200 primary Ab dilution and 2 linkers.

6

IHC-positive tumors. The ring study design was selected as it
allows for determination of performance characteristics of a
diagnostic test using identical samples in multiple laboratories
under the control of a supervising institution(s). This study
design has previously been used successfully to implement ALK,
ROS1, and PDL1 testing across Canadian laboratories.27-29 A
similar approach has also been recently used for pan-TRK IHC
testing in Belgium.30
s a protocol with 1:1000 primary Ab dilution and only 1 linker, whereas Omnis 2 and



Figure 6.
This tumor shows a sharp line (dashed arrows) between the surface (arrow) that was
in contact with formalin sooner and the deeper areas of the tumor. This result shows
that the epitope detected by EPR17341 may be sensitive to prolonged cold ischemia,
which needs to be taken into consideration for all resection specimens.
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Although different studies, including ours, clearly indicate that
it is entirely possible to develop 100% sensitivity for a pan-TRK IHC
assay, even with cases of ETV6::NTRK3 fusion known to produce
less-intense expression/staining with IHC testing, the current
approach to the readout of IHC slides for this biomarker calls for
improvement because of a strong trend for low diagnostic speci-
ficity with highly sensitive protocols. A small number of negative
samples were the major limitation in our study and therefore, the
results of the specificity cannot be extrapolated to IHC protocol
performance in clinical practice. Another limitation of the study is
that because of the need to include as broad a representation of
different tumor and fusion types as possible, the positivity rate of
the case set (18/29 or 62%) does not reflect the real-world posi-
tivity rate in most tumors, which is below 2%. This may limit the
applicability of our observations. However, because our positive
case set included several low-positive cases, it clearly shows that
Figure 7.
Results of sensitivity vs specificity are shown for all laboratories. A specificity of 80% was
negative samples was very small in this study, and the overall results of specificity cannot
bars represent the laboratory number, which is also listed in Table 2.

7

the reportable range of protein expression of TRK that is of clinical
importance is very wide and that highly sensitive protocols are
required to detect all true positive cases.

The purpose of a pan-TRK IHC screening assay is not to
directly identify patients for targeted therapy but to identify
tumors that should be further tested by NGS for the confirmation
of the presence of TRK fusions. The main objective of the assay is
to decrease the cost of testing and save tissue that would be
wasted in a large number of cases from unnecessary testing with
NGS. The expected level of diagnostic sensitivity and specificity
are therefore different than in other screening assays (eg, testing
asymptomatic population for the presence of disease). There is
an important distinction between these different types of
screening assays, and the term “technical screening assay” could
be applied to pan-TRK IHC to emphasize this distinction.
Therefore, a “technical screening assay” should have 100% sensi-
tivity, so as not to miss any positive cases, and as good a speci-
ficity as possible. In this study, 15 of 18 laboratories achieved a
diagnostic sensitivity of 100%, whereas the diagnostic specificity
ranged from 40% to 90%. It should also be noted that achievement
of 100% diagnostic specificity is not realistic as some tumors
express TRK proteins in the absence of gene rearrangements,
most likely due to upregulation of NTRK1-3 gene expression31 or
due to normal expression of the TRK protein. Overexpression of
wild-type TRK protein is a possible explanation for the 2 control
samples in our study showing significant cytoplasmic staining
(CANTRK-29 and -30). Previous studies have reported pan-TRK
IHC specificity levels from 30% to 70%.19-24,30 Our results using
the same cutoffs were nearly identical with specificity levels
ranging from 40% to 80%. However, our study also shows that
based on the large variation in analytical sensitivity, it should be
possible to modify the IHC protocols to optimize diagnostic
sensitivity and specificity, as shown by several laboratories that
achieved superior results. Supplementary Table S2, in addition to
Ventana/Roche protocols, also details the best protocols for the
other 2 IHC platforms used in this study. Dako Omnis protocols
are not specifically included, because there was a great variation
in IHC protocol conditions producing identical results and the
other way around, leading to uncertainty about which protocols
could be recommended.
achieved by only 2 laboratories that had 100% sensitivity. However, the number of
be extrapolated to protocol performance in clinical practice. The numbers above the
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The determination of diagnostic specificity and sensitivity
values of the pan-TRK IHC screening test is complicated by several
parameters: (1) the presence of cases without TRK fusions that
show expression of TRK, (2) IHC protocols that cause nonspecific
staining (in tumors or cells that do not express any TRK protein),
(3) the impact of preanalytical conditions (specifically delayed
fixation) that can radically change the IHC results with EPR17341,
(4) potential interobserver variation in the pathologist’s readout,
and (5) the absence of a reproducible IHC scoring method or
scoring method with a cutoff that would help exclude most cases
that show TRK protein expression but do not have TRK fusions.

There is no established “gold standard” for immunohisto-
chemical scoring of TRK protein expression, and therefore, we
used NGS as a gold standard in our study, with all samples pre-
viously sequenced as described in a companion CANTRK publi-
cation.25 Previous studies have used either the presence of any
staining above the background as positive22 or the presence of any
level of staining in 1% of cells or more.20,23,24 Both methods were
compared in our study and the differences in the resulting
sensitivity and specificity values were minimal. However, this
approach also led to acceptance in clinical practice of protocols
that have a satisfactory sensitivity of 100% but quite low specificity
(eg <80%). Ideally, a higher threshold for positivity could be used
with optimal IHC protocols with high analytical sensitivity and
specificity. For example, 5 of 6 laboratories that employed VEN-
TANA pan-TRK (EPR17341) Assay following the IHC protocols
proposed in the specification sheet demonstrated very low
sensitivity with a measured LOD range of 146,000 to >200,000
molecules/cell. However, 3 of 4 laboratories that developed their
LDT with the pan-TRK RTU antibody achieved a better sensitivity
with LOD of less than 80,000 molecules/cell; one of the labora-
tories that achieved an LOD of 40,000 showed 100% sensitivity
(see this protocol in Supplementary Table S2).

Given that the participating pathologists have not received any
training for establishing “any positivity” or “1% cutoff” and that all
pathologists provided readouts only on their own stained slides, it
was expected that there would be a degree of personal bias of
what is considered positive and what is negative based on per-
sonal previous experience with this biomarker. There was also a
clear tendency to subtract background staining, which varied
greatly depending on the level of nonspecific staining between
different protocols. However, the central reviewwas conducted by
a single experienced pathologist (E.T.) and performed by using the
same criteria with the same threshold for all slides irrespective of
protocol characteristics. Despite the above, the concordance with
central readout review for positive vs negative results was very
high (between 90% and 100%) (Supplementary Fig. S1). The dis-
tribution of the scores by local pathologists on their slides is
shown in Supplementary Fig. S2. One result of the central readout
review was the demonstration that a low diagnostic sensitivity of
the pan-TRK assaymay occur due to the pathologist ignoringweak
membranous and/or nuclear staining resulting in a false-negative
call. This issue should be preventable by conducting training of the
pathologists who will interpret TRK IHC at their institutions,
similar to training received for other biomarkers.

The current study also shows that somewhat surprisingly, all
laboratories that used the Ventana pan-TRK Assay (Roche) ac-
cording to the original protocol conditions in the specification
sheet of the assay, achieved the lowest analytical sensitivity and
overall had the lowest diagnostic sensitivity against NGS results as
detailed above. Based on these results, we suggest that all labo-
ratories that use the Ventana pan-TRK assay modify the IHC pro-
tocol to develop an IHC assay of higher sensitivity. Based on the
results with TRK BCS calibrators, we suggest developing LDT
8

protocols with an LOD of 60,000 molecules/cell or less. The pro-
tocols that achieved such results while maintaining acceptable
specificity are illustrated in Supplementary Table S2 and could be
used as a starting point in protocol development. We therefore
recommend that all laboratories that use Ventana pan-TRK Assay
should undertake to optimize it first to increase its sensitivity.
Although LDTs are generally not readily transferable or repro-
ducible from one laboratory to another, for this particular IHC
assay on this particular instrument platform, the set of IHC pro-
tocol conditions required for optimal results were either identical
or nearly identical. Alternatively, laboratories could consider using
the Abcam antibody on Ventana platform.30,32 We have tried this
in the central laboratory on reference materials (cell lines, tissue
controls, and calibrators) with satisfactory results; however, as
this was not part of the study design, this alternative was not
tested by the participating laboratories.

The use of reference standards in the form of TRK calibrators
enabled us to determine the LOD (60,000 molecules/cell) required
for optimal results with any EPR17341 Ab IHC assay used for the
purpose of detecting expression of TRK protein secondary to TRK
fusions. We recommend as the first step in pan-TRK IHC protocol
development with EPR17341 Ab to develop IHC protocol condi-
tions that will reach analytical sensitivity at this level first, before
the protocol is further validated for its technical or diagnostic
accuracy with tumor cases. The results of our study also show that
LTD protocols could differ significantly from each other but pro-
duce the same LOD and subsequently the same accuracy against
the NGS results. Although this conclusion is generally applicable, it
was particularly the case for Dako Omnis instruments.

TRK staining can be observed in any of the 3 cellular com-
partments: nuclear, cytoplasmic, and membranous, and any of
these 3 patterns of staining or their combination is acceptable as
positive. Weak nuclear and weak membranous staining were not
specifically searched for by the site pathologists and it was missed
especially when present only focally. This was most frequently the
case when there was strong cytoplasmic positivity in the tumors,
which obscured the weak staining in the nuclei and cell mem-
branes. We also emphasize that when weak cytoplasmic staining
is noted (just above background), a careful search for either weak
nuclear or membranous positivity may be helpful in confirming
the specificity of the weak cytoplasmic staining, which could
otherwise be dismissed as nonspecific staining by pathologists. It
was noted that in one laboratory with an analytically highly
sensitive assay, self-assessment showed less than 100% diagnostic
sensitivity due to an arbitrarily high threshold for what was
interpreted as “positive” vs “negative” results. We also noted that
laboratories that used dark hematoxylin staining produced slides
that were more difficult to assess for weak staining, especially
weak nuclear and membranous staining, which ultimately
decreased their diagnostic sensitivity despite optimal measured
LOD. Indeed, the laboratory that developed a protocol with the
highest analytical sensitivity (measured LOD of 38,000 molecules/
cell) produced diagnostic sensitivity of less than 100% by self-
assessment because 2 positive cases were missed due to hema-
toxylin concealing the staining in the nuclei and the cytoplasmic
membranes. Therefore, we highly recommend using less-intense
hematoxylin staining for pan-TRK IHC LDT protocols.

When no guidelines for the readout/interpretation/scoring
exist, it is typical that pathologists adjust the thresholds based on
the overall performance of the assay as well as their experience
with other scoring systems. This is a suboptimal approach as each
predictive biomarker assay may require different considerations
for the readout based on many different potentially important
parameters. These considerations are beyond the scope of this
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work andwill be reported in a follow-up publication. However, for
the reasons discussed above, false-positive readouts are un-
avoidable, and therefore, we recommend that any IHC result that
appears positive be reported instead as “Pending confirmatory
assay results” to avoid distress and confusion when the confir-
matory tests are negative. For the same reasons, we recommend
against using a result of technical screening assays such as pan-Trk
IHC to guide treatment decisions directly in cases in which the
amount or quality of RNA is insufficient for confirmatory NGS
assays. Instead, a repeat biopsy should be considered. It is possible
to develop and analytically harmonize multi-institutional pan-
TRK IHC testing with optimal diagnostic sensitivity for the tech-
nical screening assay by using reference standards that enable
either their measured (TRK IHC calibrators) or descriptive (tissues
and cell lines) analytical sensitivity. Irrespective of the IHC in-
strument platform or detection system, the recommended LOD for
the IHC assays using EPR17341 Ab is 60 � 103 molecules/cell.

Delayed fixation may have a significant impact on IHC results
with EPR17341. If the impact of delayed fixation can be deter-
mined by pathologists, the results of the staining should not be
generalized, but assessed on the area with best fixation.
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