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Abstract

Siglec-15, a member of sialic-acid binding immunoglobulin type lectins, is normally expressed by 

myeloid cells and upregulated in some human cancers and represents a promising new target 

for immunotherapy. While PD-L1 blockade is an important strategy for immunotherapy, its 

effectiveness is limited. The expression of Siglec-15 has been demonstrated to be predominantly 

mutually exclusive to PD-L1 in certain cancer histologies. Thus, there is significant opportunity 

for Siglec-15 as an immunotherapeutic target for patients that do not respond to PD-1/PD-L1 

inhibition. The aim of this study was to prospectively develop an immunohistochemical (IHC) 

assay for Siglec-15 to be used as a companion diagnostic for future clinical trials. Here, we 

create and validate an IHC assay with a novel recombinant antibody to the cytoplasmic domain 

of Siglec-15. To find an enriched target, this antibody was first used in a quantitative fluorescence 

(QIF) assay to screen a broad range of tumor histologies to determine tumor types where Siglec-15 

demonstrated high expression. Based on this and previous data, we focused on development of 

a chromogenic IHC assay for lung cancer. Then we developed a scoring system for this assay 

that has high concordance amongst pathologist readers. We then use this chromogenic IHC assay 

to test the expression of Siglec-15 in two cohorts of NSCLC. We found that this assay shows 

a higher level of staining in both tumor and immune cells compared to previous QIF assays 

utilizing a polyclonal antibody. However, similar to that study, only a small percentage of positive 
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Siglec-15 cases showed high expression for PD-L1. This validated assay for Siglec-15 expression 

may support development of a companion diagnostic assay to enrich for patients expressing the 

Siglec-15 target for therapy.
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Introduction

Siglec-15 is a member of the sialic acid-binding immunoglobulin type lectins, an important 

cell surface glycan recognition protein. It has been well described for its role in osteoclast 

differentiation and as a potential target for the treatment of osteoporosis. Structurally, it 

consists of an extracellular domain, a lysine-residue containing transmembrane domain and 

a cytoplasmic domain 1–3. Normally expressed by cells of the myeloid lineage, it has been 

shown to be upregulated in some human cancers 4.

Among the various human cancers in which Siglec-15 upregulation has been observed, 

of note are cancers of colon, thyroid and endometrioid cancers. It is also significantly 

upregulated in liver, lung, bladder, and kidney cancers 5. A recently published study by 

Wang et al showed that over-expression of Siglec-15 by macrophages played an important 

role in the inhibition of T-cells, and mice deficient of Siglec-15, or treated with a 

Siglec-15 blocking antibody, can overcome this inhibition limiting tumor growth. Thus, 

like programmed death ligand (PD-L1), which is a major immune evasion mechanism for 

many cancers, over-expression of Siglec-15 in the tumor microenvironment (TME) has been 

proposed to be a suppressor of the immune response. IFN-gamma, an important cytokine 

required for PD-L1 induction, was seen to inhibit Siglec-15 expression, thereby indicating 

that PD-L1 regulation pathways are distinct from those of Siglec-15. Wang et al also 

observed that Siglec-15 and PD-L1 expression was seen to be somewhat mutually exclusive, 

which could be explained by its inhibition by IFN-gamma and activation by macrophage 

colony stimulating factor (CSF-1) 4.

Blocking PD-1/PD-L1 is widely regarded as an important strategy in normalization 

immunotherapy 6. However, the anti-tumor effect of a single immune checkpoint inhibitor is 

more effective in some tumors than others, for example in lung cancer where the effective 

response rate is less than 30% 7–9. Hence, targeting Siglec-15 may be an effective alternative 

therapy for patients that do not respond to PD-1/PD-L1 inhibition 10. A first-in-human phase 

I clinical trial evaluating an anti-Siglec-15 mAb, NC318, in solid tumors showed clinical 

benefit, and a phase II clinical trial is ongoing. While it is too early to assess activity of the 

anti-Siglec-15 antibody, it seems likely that a companion diagnostic test will be helpful to 

enrich for responders.

It is required that clinical trials are analyzed using a prescribed statistical plan. We believe 

companion diagnostic tests should be similarly prescribed and tested, rather than developed 

post hoc in a manner that may result in non-reproducibility as occurred with the PD-L1 IHC 

tests. The aim of this study was to construct a robust and reproducible, pathologist-read IHC 
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assay to evaluate Siglec-15 expression on tumor cells and in the tumor microenvironment to 

inform future clinical development, and potentially be used as a future companion diagnostic 

test for Siglec-15 therapeutics. Furthermore, we illustrate prospective use of our previously 

described method of determination of the number of Observers Needed to Evaluate a 

Subjective Test (ONEST) for this assay11, 12.

Materials and Methods

Patient cohort, tissue procurement and immunohistochemistry

A multi-tumor tissue microarray (YTMA 395) with 210 patient samples from 13 different 

tumor types was assessed to determine the frequency of Siglec-15 protein expression in 

a range of tumor types. Two lung cancer cohorts were also tested. The first represented 

a serial collection of two hundred and thirty non-small cell lung cancer (NSCLC) cases 

collected from 2011 to 2016 (YTMA 423) with long term follow up and has been previously 

described13, 14. A second cohort with known mutation status comprised of 120 NSCLC 

cases (YTMA 310, retrospectively NSCLC collected from 2011 to 2013) also previously 

described 13 was evaluated. Tissue cores of 0.6 mm were used to prepare the tissue 

microarrays (TMAs), using standard procedures 14, 15. Core samples were obtained from 

the representative areas of tumor selected by reviewing the hematoxylin and eosin-stained 

whole tissue slides.

After antibody validation as described below, serial sections were stained for Siglec-15 and 

PD-L1 (Siglec-15, clone 1F7, rabbit monoclonal, NextCure Inc., Maryland, USA, and PD-

L1, clone E1L3N, rabbit monoclonal, Cell Signaling Technology Inc., MA, USA). Clone 

1F7 was raised in rabbits against a peptide (ENLSQMNPRSPPATMCSP) in the intracellular 

domain of Siglec-15. For chromogenic immunohistochemistry, the optimal concentration 

used was 0.1μg/ml for Siglec-15 and 3.37μg/ml for PD-L1. All TMA slides were digitized 

using the high-resolution slide scanner Aperio AT2 (Leica Biosystems Inc., IL, USA) and 

reviewed by three pathologists (DLR, HW, SS) using the software Aperio ImageScope12.4, 

Leica Biosystems Inc., IL, USA. Multiple scoring systems were tested as described below. 

All tissue samples were collected with the approval from the Yale Human Investigation 

Committee protocol #9505008219. Written informed consent, or waiver of consent, was 

obtained from all patients with the approval of the Yale Human Investigation Committee.

Quantitative immunofluorescence

For immunostaining, we used a protocol for PD-L1 described previously by our group 16. 

Briefly, slides were heated at 60°C in an oven, de-waxed in xylenes twice (20 minutes each 

time), then rehydrated with graded ethanol (100% 1 min; 100% 1 min, 70% 1 min) and 

washed in tap water for 5 min. Antigen retrieval was done using EDTA (0.74 mg in 2 liters 

of dist. water, pH=8) at 97°C for 20 min in a Lab Vision PT Module (Thermo Scientific, 

Waltham, MA, USA). Endogenous peroxidases were blocked with 2.5% hydrogen peroxide 

in methanol for 30 min, followed by additional 30 min of incubation with 0.3% bovine 

serum albumin with 0.05% Tween-20 blocking solution. For fluorescence staining, optimal 

signal was seen at 0.1μg/ml for Siglec-15 and 1.1μg/ml for PD-L1. Image analysis was 

performed using AQUA method (NavigateBP), which generates a QIF score by dividing 
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the sum of target pixel intensities by the area of the molecularly designated compartment. 

Scores are automatically normalized to lamp hours, bit depth and CC intensity of the 

microscope 17.

Validation of Siglec-15 in cell lines

For validation of the antibodies, we used the guidelines for pillars of validation from 

Uhlen et al and specifically for IHC by MacNeil et al 18, 19. Twelve different antibodies, 

consisting of both commercial and custom monoclonal clones, were tested to find an 

antibody with high affinity and low cross reactivity, and good performance in a chromogenic 

assay system that could be further developed as a potential companion diagnostic test. 

Initial characterization of Siglec-15 expression was previously performed with a polyclonal 

antibody which is no longer commercially available 4. For each antibody, first we assessed 

membrane localization (Figure 1), then optimized the titration, and then tested on human 

embryonic kidney derived cell lines. HEK/293T cells, both non-transduced and transduced 

with Siglec-15 (HEK/293T.S15) were used as negative and positive controls respectively. 

A Siglec-15 test array (YTMA 403) was used, which in addition to transfected and non-

transfected cell lines, contained non-small cell lung cancers (NSCLC) showing a wide 

range of dynamic expression of Siglec-15 (Figure 1). This process identified 1F7, a rabbit 

monoclonal, as the best candidate with the highest signal to noise, but similar in signal 

localization to a second monoclonal NP411 (Figure 1E, F).

Pathologist Scoring

PD-L1 scoring has been conducted in many ways by IHC depending on the assay and 

vendor 20. It can be distilled into a score for tumor cells and immune cells using a three-

category system with each value representing the range of PD-L1 expression as percentage 

of tumor cells (TCs) showing positive membrane staining as follows: 0, ≥1% and ≥50% of 

tumor cells. The scoring does not consider the intensity of staining. Immune cell scoring has 

been done in many ways as well but can be distilled into the following categories: 0, ≥1% 

and ≥10%. This system is used by our clinical service here at Yale even though the immune 

cell scoring system has been shown to be poorly reproducible 12.

We began using the PD-L1 scoring system for Siglec-15, but concordance between 

pathologist readers was poor. To maximize agreement amongst pathologists, a new 

categorical system for scoring of Siglec-15 was derived based on the different patterns of 

staining observed in the tumor and immune cells and loosely based on the currently accepted 

system for estrogen receptor scoring in breast cancer 21. Our system included 3 categories 

and were defined as follows: Category 1-tumor cell positive (granular, membranous, or 

cytoplasmic expression in at least 10% of tumor cells at any intensity); Category 2-immune 

cell positive (granular expression in at least 10% of immune cells at any intensity) and 

Category 3-no specific staining (negative for Siglec-15). When there is staining in both 

the tumor and the immune cells, the predominant pattern is chosen. Cases which were 

not scoreable (missed spot, inadequate sample, i.e., less than 100 viable tumor cells, 

distorted morphology, artifactual staining etc.) were excluded from further analyses. Faint 

cytoplasmic staining was ignored, any granular staining in less than 10% of cells as well as 

normal pulmonary macrophages entrapped within the tumor cells were excluded. In cases 
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where two different staining patterns were noticed, the predominant pattern was selected. 

The diaminobenzidine (DAB) slides were reviewed independently by five pathologists, after 

a brief training session, and then the ONEST analysis was performed. Figure 2 illustrates 

this scoring system.

Statistical analyses

The inter-reader concordance rates were estimated as overall percent agreement (OPA) 

calculated as the total number of times in which the raters agree divided by the total number 

of readings/classifications made. Ordinal scoring, essentially binary scoring, we compared 

between pathologist readers by the Fleiss Kappa statistic 22. All the graphs, including the 

Kaplan-Meier survival plots, were generated using GraphPad Prism v8.4.1(460) (GraphPad 

Software, Inc., CA, USA). A p-value <0.05 was considered statistically significant.

Results

Siglec-15 protein expression in a range of cancer histologies.

Increased levels Siglec-15 expression, as assessed by QIF, was noted in subpopulations of 

a range of cancer types, notably, lung, breast, bladder, colon, ovarian and head and neck 

cancers (Figure 3A). In lung cancer, Siglec-15 expression was observed in both tumor cells 

and immune cells, most likely of myeloid lineage4 (Figure 3B). Similarly, in bladder cancer, 

tumors were positive for Siglec-15 expression in tumor cells (Figure 3C) or immune cells 

(Figure 3D). Furthermore, breast tumors were primarily positive for expression of Siglec-15 

in immune cells (Figure 3E). Given that Siglec-15 expression was seen to be the highest in 

lung cancers, we further investigated expression in this cancer type in larger cohorts.

Expression of Siglec-15 in NSCLC by IHC.

To further support development of a Siglec-15 companion diagnostic test, traditional IHC 

was performed on an NSCLC cohort. After testing multiple systems, including that used for 

PD-L1, we found that binary scoring by pathologists as described above in either tumor cells 

or immune cells with >10% of cells showing expression appeared most promising. Using 

this system, Siglec-15 expression was common in both tumor cells (42.8% of cases) and 

stromal immune cells (46.7% of cases) (Figure 4A). The inter-reader concordance using this 

scoring system was very good with an overall Fleiss Kappa value of 0.676 between three 

readers. The inter-reader concordance was highest for Category1 (tumor cell positive) and 

lowest for Category 3 (Fleiss Kappa for Category 1: 0.773, Category 2: 0.652, Category 3: 

0.395). Table 1 shows the category-wise percent agreement between 3 pathologists.

The addition of two more pathologists reading the same cases allowed us to analyze the 

assay performance using the ONEST method. Figure 5A shows an ONEST curve and figure 

5B shows the 95% confidence interval around the mean of the overall percent agreement 

(OPA) of the 5 observers. Tumor vs not tumor appears to plateau around 73% OPA. 

Stroma vs not stroma performs somewhat worse at 61% and may not be valid and may 

be re-evaluated after clinical trial response data is collected. The highest agreement (OPA = 

80%) is seen for cases with no expression. The ONEST method 11 allows a statistical model 
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to be built based on five observers that shows that 5 observers are sufficient since the change 

in the 95% confidence interval is <2%.

Using this system to assess expression, no associations are seen between clinical 

variables or patient survival in the cohort treated with standard of care therapy pre-dating 

immunotherapy (see supplemental figure S1). Also, assessment of two older cohorts (>10 

years old) showed loss of detection of expression by this assay with time (Supplemental 

figure S2).

Comparison of Siglec-15 and PD-L1 in NSCLC.

Previous evaluation of expression of Siglec-15 and PD-L1 has been described to be 

predominantly mutually exclusive 4. To further evaluate this relationship, we assessed 

expression of both proteins in our NSCLC cohort (YTMA 423) using both IHC assessment 

methods. Distribution of Siglec-15 expression observed in the cohort was split between 

category 1 (tumor cell positive) and category 2 (immune cell positive) with ~43% positive 

for tumor expression and 47% positive for immune expression. The remaining 10% were 

negative for both (Figure 4A). Note that this scoring system finds more “positive” cases than 

previously described in the original work by Wang et al most likely due to a broader scoring 

system and an antibody with enhanced sensitivity 4. Evaluation of PD-L1 and Siglec-15 

expression revealed that for each category, most positive samples were negative for PD-L1 

(Figure 4B, C, D) with similar levels of PD-L1 expression observed for all categories. This 

observation is similar to the initial finding4 in where a polyclonal antibody was used (see 

supplemental figure 3).

Siglec-15 in different mutation subtypes of NSCLC.

To determine the association between Siglec-15 expression and mutation type in NSCLC, 

we used a smaller cohort where each case had been sequenced for mutation type (YTMA 

310). Siglec-15 expression was detected across mutation types as well as in non-mutated 

cases (Figure 6), suggesting no association between Siglec-15 expression and the common 

KRAS and EGFR mutations, in NSCLC. Notably, the presence of samples with mutations 

were observed at a higher frequency in category 2 (immune cell) positive samples, but 

frequencies were similar for KRAS and EGFR.

Discussion

Targeted therapies are becoming a cornerstone of treatment modalities utilized in oncology. 

However, with targeted therapies comes the requirement of selecting the appropriate 

patient population. For immunotherapy, PD-L1 immunohistochemistry is critical for triaging 

treatment for patients with NSCLC, as those with PD-L1 ≥ 50% tumoral staining are 

often treated with the PD-1 inhibitor pembrolizumab alone as a first-line drug treatment 
23–25. However, there are several challenges with developing an IHC assay that have been 

highlighted with the assays developed for PD-L1, and low pathologists’ concordance rates 

for immune cell assessment have been extensively described26, 27. In designing a system 

for assessment of Siglec-15 expression, we aimed to avoid some of the key issues suffered 

by the PD-L1 test. As a result, the expression of Siglec-15 in lung cancers was categorized 
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similar to the estrogen receptor in breast cancer 21 where categories are binary (with a 

10% cut-point rather than a 1% cut-point). While the clinical trial (NC318) to determine 

the predictive power of expression in these categories is ongoing, we show here that, like 

estrogen receptor, there is high concordance amongst pathologist readers for assessment 

of Siglec-15 expression and that using the ONEST method, 5 observers are sufficient to 

validate this scoring system for Siglec 15 expression in tumor cells.

The current study describes the expression of Siglec-15 in NSCLC using a new, high 

affinity rabbit monoclonal antibody against the intracellular domain of Siglec-15. Siglec-15 

expression in lung cancer has been previously described in a non-small cell lung cancer 

(NSCLC) cohort with QIF using a polyclonal anti-Siglec-15 antibody PA5–48221 28. 

Utilizing this antibody, a wide range of expression of Siglec-15 both in tumor cells as well 

as immune cells was observed. This agrees with the study conducted by Wang et al showing 

both tumor and immune cell expression of the antibody, put the percent patients expressing 

Siglec-15, as read by pathologists is over twice that seen by QIF 28. This is most likely due 

to a rabbit monoclonal with higher affinity and lower noise than seen in previous studies 

with a polyclonal antibody. Nevertheless, the predictive value of expression or the need to 

stratify expression levels to associate with drug response is not yet established.

Previous studies of Siglec 15 expression 6, 28, 29 showed that patients with high Siglec-15 

expression generally have low PD-L1 expression in a pattern of incomplete, but predominant 

mutual exclusivity between Siglec-15 and PD-L1. The higher sensitivity and ordinal 

classification seen with this new assay maintains but diminishes the mutual exclusivity. 

Specifically, while most cases with either high tumor or stromal expression of Siglec-15 

show no PD-L1 expression, the cases that express high levels of both markers is increased 

from the very low levels described when assessment was done on a continuous scale by 

QIF with a polyclonal Siglec-15 antibody and PD-L1 assessed quantitatively rather than by 

pathologist readers. A future paper will address this issue in a more quantitative manner

This study has several limitations to consider. Perhaps the most significant is that the 

trial is only now being run with sufficient tissue to assess response to Siglec-15 therapy. 

Thus, the categorical scoring system used in this work has not been shown to correlate 

with response to therapy. However, we believe prospective assay design in as important 

as prospective design of the statistical analysis, and thus have developed and validated an 

assay prior to collection of tissue from clinical trial subjects. Second, as is common in 

developmental studies, we used TMA rather than whole tissue slides for the evaluation 

of Siglec-15 expression. The TMAs provide a small sample of tumor to be evaluated 

and the intra-tumoral heterogeneity would be more accurately captured in a larger tumor 

sample. Heterogeneity of expression of Siglec-15 appears to be similar to PD-L1 and other 

checkpoint inhibitor molecules in other studies in our group using continuous assessment 

of expression levels 30. Heterogeneity is harder to assess with an ordinal or binary scoring 

system, and thus, future work will further characterize the heterogeneity observed in more 

detail. Finally, the tissues analyzed here are not all recently collected. The age of the tissue 

is one of hundreds of pre-analytic variables that are uncontrolled in all IHC studies. This is 

another reason why prospective studies are important for a complete characterization for this 

and all IHC assays.
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In conclusion, our study describes a new IHC companion diagnostic assay for Siglec-15 

with a good pathologist concordance. We show somewhat mutual exclusivity of expression 

between Siglec-15 and PD-L1 expression in NSCLC as seen previously. However, the 

number of cases expressing both targets have increased, which may suggest more 

heterogeneity in expression than previously reported. Future efforts are underway to quantify 

this heterogeneity of expression observed in NSCLC and other tumor types and assess the 

prognostic and predictive value of this new Siglec-15 assay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Validation of Siglec-15 antibody.
A Membrane staining seen in the transfected cell line 293T.S15 (positive control), 

confirming the architectural localization of Siglec-15. B No Siglec-15 is seen in non-

transfected cell line 293T (negative control). C Signal-to-noise plot for Siglec-15 in cell 

lines 293T (noise) and 293T.S15 (signal). D Signal-to-noise plot in tumor cores (YTMA 

403) showing an optimal concentration at 0.1μg/ml. E, F Comparison of two clones of 

Siglec-15 in NSCLC by IHC (E) and QIF (F). The images on the left panel are stained with 

1F7 (a, c, e, g, i, k). The images on the right are serial sections of the same spots stained 

with NP411 (b, d, f, h, j, l); red-Siglec-15, blue-DAPI (4′,6-diamidino-2-phenylindole), 

green-Cytokeratin.
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Figure 2. 
Ordinal (binary) Scoring System for Siglec-15 with Category 1, which shows staining in at 

least 10% of tumor cells regardless of intensity (A, B), Category 2 with staining in at least 

10% of immune cells (C) and Category 3 with no evidence of any staining (D).
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Figure 3. Expression of Siglec-15 in different cancers by immunofluorescence.
Expression of Siglec-15 in different cancers by immunofluorescence. A, B Lung, bladder, 

and breast cancers are seen to express high Siglec-15 seen as high QIF scores by AQUA in 

tumor (A) and stroma (B). Representative images of Siglec-15 expression (red) in tumor and 

stroma in lung (C), predominantly in tumor cells in bladder cancer (D), mainly in stromal 

immune cells in bladder cancer (E) and predominantly in stromal immune cells in breast 

cancer (F); red-Siglec-15, blue-DAPI (4′,6-diamidino-2-phenylindole), green-Cytokeratin.
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Figure 4. 
Comparison of Siglec-15 and PD-L1 in tumor showed some-what mutually exclusive 

expression. A Overall expression of Siglec-15 in NSCLC (YTMA 423). B PD-L1 expression 

in Category 1 (tumor cell positive for Siglec-15). C PD-L1 in Category 2 (immune cell 

positive for Siglec-15). D PD-L1 in Category 3 (no staining for Siglec-15).
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Figure 5. ONEST plots for assessment of tumor staining of Siglec 15.
A. The OPA for set of 2 to 5 raters for tumor staining by Siglec 15. B. The mean and 95% 

lower bound for the OPAs for 2 to 5 observers.
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Figure 6. Siglec-15 in different mutation types of NSCLC (YTMA 310).
A Siglec-15 expression in Category 1 (tumor cell positive for Siglec-15). B Siglec-15 

expression in Category 2 (immune cell positive for Siglec-15). C Siglec-15 expression in 

Category 3 (no positive
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Table 1.

Category-wise agreement between three pathologists for scoring Siglec-15 in NSCLC (YTMA 423)

Agreement on Individual Categories
a

Rating Category Conditional Probability Kappa

Asymptotic Asymptotic 95% Confidence Interval

Standard Error z Sig. Lower Bound Upper Bound

1.00 .515 .773 .038 20.253 .000 .770 .775

2.00 .415 .652 .038 17.095 .000 .650 .655

3.00 .070 .395 .038 10.360 .000 .393 .398

a.
Sample data contains 229 effective subjects and 3 raters.
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