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ATP7B Peptide Analysis Identifies Wilson Disease Patients
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ABSTRACT:

Background and Aims: Both existing clinical criteria and genetic testihgve significant
limitations for the diagnosis of Wilson’s Diseas#&/[§) often creating ambiguities in patient
identification leading to delayed diagnosis andffewtive management. ATP7B protein
concentration, indicated by direct measurementuofogate peptides from patient dried blood
spot (DBS) samples, could provide primary eviden€eWD. ATP7B concentrations were
measured in patient samples from diverse backgsyutidgnostic potential is determined, and
results are compared to biochemical and genetidtsefsom individual patients.

Methods: 264 samples from biorepositories at three intiwnal and two domestic academic
centers and 150 normal controls were obtained d&R& approval. Genetically or clinically
confirmed WD patients with a Leipzig score over il abligate heterozygote (carriers) from
affected family members were included. ATP7B peptictheasurements were made by
immunoaffinity enrichment mass spectrometry.

Results: Two ATP7B peptides were used to measure ATP7Bepratoncentration. ROC curve
analysis generates an AUC of 0.98. ATP7B peptiddyars of the sequence ATP7B 887 was
found to have a sensitivity of 91.2%, specificity98.1%, positive predictive value (PPV) of
98.0%, and a negative predictive (NPV) value ob%d.. In patients with normal ceruloplasmin
concentrations (> 20 mg/dL), 14/16 (87.5%) were ABRleficient. In patients without clear
genetic results, 94% were ATP7B deficient.

Conclusions: Quantification of ATP7B peptide effectively idemtifl WD patients in 92.1% of
presented cases and reduced ambiguities resultimy €p and genetic analysis. Clarity is

brought to patients with ambiguous genetic resutignificantly aiding in non-invasive



diagnosis. A proposed diagnostic score and alguaritincorporating ATP7B peptide
concentrations can be rapidly diagnostic and supphtal to current Leipzig scoring systems.

Keywords: Wilson disease, Leipzig Score, Immuno-3R, ATP7B,




INTRODUCTION:

Wilson disease (WD), named after Dr. Samuel Alerandinnier Wilson, who first
described the disorder in his 1912 doctoral th&isce then, treatments have been developed for
WD and, importantly, WD has become a preventabteatie. Wilson Disease (WD) is an
autosomal recessive disorder of copper metabolisentd mutations in th&TP7B gene that
encodes copper-transporting P-type ATPase (EC 2.8)2° WD has an estimated prevalence
of 1:30,000 and a carrier frequency of 1:90 withioeal variatiori” > Although guidelines for
the diagnosis of WD have been developédpatient identification remains a challenge resglti
in delayed diagnosis and development of irreveesg@vere complications, such as permanent
brain or liver damage, which render treatmentsféausif/e>

The key features of WD are liver disease, neurdpaytic abnormalities, and Kayser-
Fleischer (KF) rings. The presence of KF rings wigurological manifestation and/or low serum
ceruloplasmin (Cp) is considered enough to estabiD diagnosis. However, most cases
require a combination of clinical symptoms and kalbory evaluation8.Currently, no single test
permits de novo WD diagnosis in every potentialgraf Serum Cp is decreased in neurological
WD but can be in the low normal range in up to 58Radult patients with active liver disease
19°and the positive predictive value of serum Cpdiagnosis of WD is poot.***2 In children
with WD, 15-36% had Cp in the normal rarfgé&Serum Cp alone is not sufficient to diagnose or
exclude WD. A diagnostic score (Leipzig score 2008 proposed to guide clinical diagnosis
and has been adopted in the clinical practice ¢juneldor the European Association for the
Study of the Live* While recent advances in clinical molecular disjsohave greatly
improved the accuracy of WD diagnosis in affectatigmts and their siblings, traditional Sanger

sequencing cannot detect large deletion or dupbiest Further, there are many single nucleotide



polymorphisms (SNPs) and variants of unknown sigaifce (VUS) in the ATP7B gene.
Interpretation of genetic sequencing results, paldrly in the presence of only one identified
mutation or VUS, create ambiguity in WD patientritiBcation.

Here, we evaluate the direct measurement of ATPitBem from WD patient dried
blood spots (DBS), through surrogate ATP7B peptideasdiagnostic todf As shown in our
previous studies for multiple primary immunodefiag conditions, peptide measurements are
made using immunoaffinity enrichment coupled te@skld reaction monitoring (immuno-SRM)
mass spectrometry: *’ This method utilizes anti-peptide antibodies toaentrate and quantify
extremely low concentration peptide targets fronmptex matrices, including DBS:*
Analysis of ATP7B concentration in DBS from WD matis with a broad range of genetic
backgrounds show that ATP7B peptide levels aretlgreeduced. Analysis of ATP7B protein

concentration can identify WD with high diagnostcuracy.

MATERIALS AND METHODS

Dried Blood Spot Samples

This protocol was approved by the institutional ieew board of Seattle Children's
Hospital (SCH) and each of participating institutd subjects gave written informed consent.
Patient and carrier samples were provided by thel,S@A, U.S.A., Medical University of
Vienna, Austria, Medical University Innsbruck, Adat University of Medicine and Pharmacy
“luliu Hatieganu” Cluj-Napoca, Romania, Wilhelmi@hildren’s Hospital, University Medical
Center, Utrecht, The Netherlands, Yale UniversiBi, U.S.A., University of Heidelberg,
Germany and Asan Medical Center, Seoul, South KoBsamples were prepared either by

fingerstick or by pipetting 70 pL of blood (per @#in spot) onto filter paper cards (Protein Saver



903, Piscataway, NJ). The samples were then duechight at room temperature, delivered to
SCH, and stored at -80 °C until use. 150 normatrobDBS samples (BiolVT, Westbury, NY)

were analyzed to establish the normal referenagerand cut-off.

Immuno-SRM reagents:

Triton X-100 (T9284-100mL) and Ammonium bicarbon&tenbic) (A6141-25G) was
purchased from Sigma Aldrich (St. Louis, MO). TP@Kated Worthington Trypsin (LS003740)
was purchased from Worthington (Lakewood, NJ). -8{8lamidopropyl = dimethylammonio]-
1-propanesulfonate (CHAPS) (no. 28300), AcetoritthRCN) (LC/MS grade), Acetic Acid
(AA) (LC/MS grade), water (Optima LC/MS grade), fac acid (FA) (Optima LC/MS grade),
phosphate-buffered saline (1x PBS, no. 10010-02Bpjothreitol (DTT) (no. 20290) and 1M
Tris-(hydroxymethyl)aminomethane pH 8 (TRIS) (n®5®8-025) buffer were obtained from
Fisher Scientific (Waltham, MA). Protein G coate@gnetic beads (Dynabeads, no. 10004D)
were purchased from Invitrogen (Carlsbad, CA)

Isotope-labeled internal standard (IS) peptidesewgurchased from either Atlantic
Peptides (Lewisburg, PA) or Life Technologies Cogton (Carlsbad, CA). IS peptides were
>95% pure and incorporated heavy stable isotopelddb{°C and'>N) C-terminal lysine (+8
Da) or arginine (+10 Da). IS stock solutions amredd frozen as 500x mixtures in 1x PBS + 15%

ACN + 0.1% FA + 0.03% CHAPS inJ@ and diluted to 1x immediately before use.

Selection of Signature Peptides and Antibody Proddion:
Selection and production of ATP7B 1056 peptide antbody has been described in

previous report™’.



Using the same guidelines, ATP7B 887 was selecfattibody production was
performed by Excel Biopharm (San Francisco, CA) &adific immunology (Ramona, CA)-
ExonBio (San Diego, CA). ELISA assays were perfatrby above mentioned companies in
bleed samples after immunization and in supernatamples after monoclonal antibody

production. Selections were further confirmed ahestep by the immuno-SRM meth&d.

Antibody Bead Reagent Production:
Monoclonal Antibody (mAb) beads were produced lweraight 4 °C incubation of

Protein G dynabeads with mAb as previously reported

DBS Extraction, Trypsin Digestion and Immunoaffinity Enrichment:

Protein extraction and tryptic digestion were perfed as previous reported with slight
modifications® One 6.35-mm diameter DBS punch was placed intovéi6-plates (Thermo
Scientific, Chicago, IL), covered with an adhessaal (Genesee Scientific, San Diego, CA),
and extracted using 0.1% Triton X-100 in 50 mM Anmuoon Bicarbonate (200 pL) with
Dithiothreitol (final concentration 0.2M). After 3fin incubation at 37 °C with agitation,
trypsin (37.5 pg) was added and incubated for 2hati37 °C. For enrichment, 10 pL of 1 M
TRIS (pH 8) and 10 pL of 1x ATP7B IS mix were add&ihal concentrations = 0.25 nM).
Extracted supernatant (200 pL) was transferrednevaplate and incubated with 2.5 pL of each
mAb-bead overnight at 4 °C with agitation.

After incubation, mAb-beads were isolated usingGaw@ll magnetic plate (Alpaqua

Magnum EX, Beverly, MA), washed twice with 1xPBS#0D% CHAPS, and magnetically



isolated. Peptides were eluted with 30 uL eOHvith 5% acetic acid and 3% ACN for 5 min

and transferred to a new 96-well plate for anal{alsegene, Chicago, IL).

Liquid Chromatography Mass Spectrometry (LC-MS/MS):

LC-MS/MS was performed using a Waters Xevo TQ-X8wvonkey source and dual M-
Class chromatography pumps (Milford, MA). Chromatgahic solvents were A: 4@ + 0.1%
FA and B: ACN + 0.1% FA. Peptides are loaded omdveClass Trap Symmetry C18 column
(300 uM x 25 mm, 100A, 5 uM) for three minutes wihconstant flow of 98:2 A:B at 20
pL/min. After loading, the flow is reversed and s are separated using a 150 pM x 100 mm
BEH C18 ionkey (130A, 1.7 uM). The gradients usetisummarized iSupplemental Table 1
and reported previousi§ Precursor mass, fragment mass, and collision enssgg tuned to
optimize the generated sign&upplemental Table 2. Representative chromatograms for both

ATP7B 887 and ATP7B 1056 peptides were show@upplemental Figure 1A-D.

Concentration Calculation and Data Analysis:
Selected reaction monitoring data captured in th® Were analyzed using Skyline

(MacCoss Lab, Seattle, WA, https://skyline.ms/prtfeome/begin.view§® Specificity was

assured by monitoring retention times and relatra@sition intensities of endogenous and IS
peptides. Concentrations of endogenous signatytdpee were calculated using endogenous/IS
signal ratio. DBS spots are assumed to contain l7@fpevenly distributed whole blood. The

volume of blood in the punch area is calculated 4% pul. Concnetrations are calculated from
blood volume, ratio and IS concentration. Stat@ti@analyses and Receiver Operating

Characteristics (ROC) curves were generated usiaghpad Prism (San Diego, CA).



Method Performance Assessment:

Response curves were generated for each peptidestablish assay linearity and
determine the lower limits of detection (LLOD) anguantification (LLOQ). Seven
concentrations (0%, 0.05x, 0.1x, 0.5x, 1x, 5%, 50%)S were added across the set of pooled
digest samples in triplicate. LLOD was calculatetieve LLOD = Meagank + 3 X SDQow
(Meanyank mean signal from a triplicate blank injection, SI2 SD of IS injection below the
LLOQ). LLOQ is the lowest concentration with a di@ént of variation (CV) of < 20%. The
linearity curves of ATP7B 1056 and ATP7B 887 wdrewn in Supplemental Figure 1E&F.

The assay precision and accuracy were evaluatedtby-day (intra-) and between-day
(inter-) assay CV, respectively. The intra- an@irassay CV were determined using 5 replicates

of an identical pooled blood DBS sample each dar awourse of 5 day3dble 1).

Internal Sample Quality Control:

Measurement of endogenous peptides unrelated tsoWilDisease, and therefore
assumed to be present at normal concentrations,utileed as an internal quality control to
monitor the successful extraction, digestion, andcement of target peptides. These peptides
are ADA 93, representing Adenosine Deaminase, CI¥, representing glycoprotein Ib, and
IDUA 462, representing alpha-L-lduronida8eA sample run was assumed to be of sufficient
quality if the measured concentration of two ofsthehree peptides was within 1.75SD of the
mean for the cohortSupplemental Table 3-%. Samples failing these acceptance requirements
were repeated. With confirmatory test failure, DBS was removed from the sample cohort

due to inadequate matrix and an additional sampkenequested.
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RESULTS
Characteristics of Patient Cohort

WD DBS samples were obtained from 198 Caucasiafat&Eastern Asian WD patients
(114 male and 102 female) and 48 obligate car(feupplemental Table 3&4. All carriers are
obligate heterozygote from the family members afex case patients with two confirmed
variants. Patient age range spanned from 2 mootfi8 tyears old. For the purpose of stability
validation, samples from 11 patients and 1 heatibymal were collected from both fresh and
blood samples stored up to 11 years priSupplemental Table 7) Clinical information
including Cp concentrations, Leipzig scores, ligepper content, presence of KF rings, initial
presentation, and presence of cirrhosis are predembere availableSupplemental Table 3)
Control DBS samples (N = 150) were obtained froralthg subjects ranging from 18-73 years
of age.

An analysis of the specific variants in the sanmgsé showed that the cohort contained
130 unique variantsF{gure 1B, Supplemental Table § including 83 pathogenic or likely
pathogenic variants, 43 VUS, 3 benign or likely iganvariants and 1 with conflicting
interpretations (VCI). In affected patient sampléd5 exhibited only pathogenic or likely
pathogenic mutations according to public datab&mV{ar, gnomAD [Genome Aggregation
Databasp, including 31 patients homozygous for p.H1069 most common variant in WD
patients Figure 1A, Supplemental Table 3. In addition, 20 patients were homozygotes for
other variants. Seven patients exhibited two V& (of them are homozygotes). In addition, 37
patients were compound heterozygous for one VUS ared pathogenic or likely pathogenic

mutation. Eighteen patients had only one variaeaded by Sanger sequencing. No second
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variant was detected Three clinically suspectedeptst were compound heterozygotes, one
variant with likely benign variants according toogmnAD and the second variant with likely
pathogenic, pathogenic, and unknown, respectively.

Forty-eight samples from obligate carriers, altledm being family members of affected
patients presented with two variants, had a sipgthogenic variant and a single wild-type allele
or a benign varianiSupplemental Table 3.

Surrogate Peptide Markers for ATP7B

The signature peptide concentration in normal @ntras 257.7 = 57.5 (mean + SD)
pmol/L for ATP7B 887 (Range: 136.4-447.0 pmol/L95percentile range: 165.0-359.6 pmol/L)
and 203.0 + 48.9 for ATP7B 1056 (Range: 88.2-3§1n®l/L, 5-95 percentile range: 129.7-
287.3 pmol/L). These cutoffs were set at -2.5 (@Q3mol/L) and -2.5 SD (80.8 pmol/L) below
the mean normal concentration for ATP7B 887 and AH B056, respectively.

Method Analytical Performance

The analytical figures of merit for immuno-SRM qtification of ATP7B peptides are
given inTable L The LODs of ATP7B quantification were determirtedoe 3.81 pmol/L and
2.17 pmol/L for ATP7B 1056 and ATP7B 887, respedity LLOQs were determined to be
71.43 and 7.14 pmol/L. The intra-assay CVs werd%2and 11.0% for ATP7B 1056 and
ATP7B 887. The inter-assay CVs were 15.3% and 13t8%pectively.

ATP7B Concentration Measurements and Primary Diagnstic Performance

Signature peptide levels in patient DBS were beatatoff in 195/216 (90.2%) of samples
for both ATP7B 1056 and ATP7B 88Figure 2A&B). There were 17 (7.8%) WD patients that
had ATP7B level above the cutoff for both ATP7B fieégs. There were 2 WD patients had only

ATP7B 887 and 2 WD patients had only ATP7B 105&lswabove the cutoff. In all, 199/216

12



(92.1%) of patients head least one peptide belawaffcun WD carriers, 8/48 (16.7%) and 4/48
(8.3%) samples were below diagnostic cutoffs foPAB 1056 and ATP7B 887, respectively.
These patient samples generate potential falséyeEssi

As a primary diagnostic, ROC curve analys$igygre 2C&D) constructed from this DBS
sample cohort show that both ATP7B 1056 and ATP8&B Beptide analysis have an AUC of
0.98 (ATP7B 1056 [SE = 0.006, 95% CI: 0.97-0.9900001], ATP7B 887 [SE = 0.007, 95%
Cl: 0.96-0.99, p<0.0001]). ATP7B 887 analysis wasnd to have a sensitivity of 91.2%,
specificity of 98.1%, positive predictive value {PRof 98.0%, and a negative predictive (NPV)
value of 91.5%. ATP7B 1056 showed PPV of 96.1%HRY of 91.3% Table 1).
Effects of Common Variants

In the 216 WD patient cohort, a total of 130 varsawere identified Supplemental
Table 6). Many common pathogenic variants including p.HIQGAF = 0.103%), p.R778L (AF
= 0.013%), p.M645R (AF = 0.047%), and p.E1064A (AB.015%)were associated with either
undetectable or significantly reduced level of ABRFigure 3A-D).
Variants Leading to Potential “False” Negatives

In this cohort, 17 out of 216 (7.8%) patients hadd>7B concentrations above the cutoff
for both signature peptides. The genetic inforrmateosummarized ifable 2 In these 17 WD
patients, 13 variants were commonly involved andle¢@contribute to normal levels of ATP7B.

According to gnomAD (https://gnomad.broadinstitatg), these variants are rare with an allele

frequency less than 0.0089%; the remaining variaM665I, has a VCI designation. Of note,
four variants above (p.R616W, p.G710S p.M769V, priRO69Q) have been reported to show
the ATP7B protein distribution similar to WT in vitro study Figure 3E&F).**

ATP7B Analysis and Variant Pathogenicity

13



Of the 216 WD patients, 211 had available genetst tesultFigure 2E). 144 were
genetically confirmed to be WD patients by beingnpound heterozygous or homozygous for
known pathogenic or likely pathogenic mutatioRgy(re 1A). 131 of these patients (91.0%) had
concentrations of at least one signature peptidewbesstablished cutoffsF{gure 4D).
Alternatively, 67 patients had ambiguous genetit tesults preventing straightforward genetic
identification. Sixty-three (94%) of these patiemtsre deficient in ATP7B by peptide analysis
(Figure 2E). Seven patients were compound heterozygous or hygoas for two VUS. All
samples (100%) contained significant reduction MPAB peptides Table 2). Thirty-seven
patients were compound heterozygous for one VUS a@mel known pathogenic or likely
pathogenic variantT@ble 2, Figure 45. ATP7B concentrations were below cutoff in 35/37
(94.6%) of these cases. One VCI, p.M665I, was faarftve patients. In this case, three patients
had peptide concentrations below established cutafid the remaining two were compound
heterozygous p.G710S, known to cause false negatiMaee patients had known benign or
likely benign in combination with known pathogemc likely pathogenic mutations. Two are
likely carriers with normal ATP7B, but one patienth a likely benign mutation in combination
with a known pathogenic mutation had non-detectAdlIB7B indicating possible misannotation
(#64). Finally, in 18 WD cases that have only eaegant with no second mutation detected,
their ATP7B peptide levels were all (100% of sampleeduced below the cutoffdble 2,
Figure 4F).

ATP7B Analysis and Cp Concentration

The 200 patients in whom had Cp values were providere stratified into three

subgroupsKigure 4A-C): (1) 107 patients with Cp < 10 mg/dL, (2) 77 pats with Cp between

10-20 mg/dL, and (3) 16 patients with Cp > 20 mg/@ithin these groups, 101/107 (94.3%)
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with Cp < 10 mg/dL, 70/77 (90.9%) with Cp 10-20 nig/ and 14/16 (87.5%) with Cp > 20
mg/dL had DBS ATP7B peptide concentrations beloagdostic cutoffs.
ATP7B Analysis and Other Clinical Indications

Where possible, clinical information including agejpzig scores, liver copper content,
presence of KF rings, initial presentation, andgspnee of cirrhosis are present8adigplemental
Table 3). The exact number of treated patients and tegimrens is unknown. No differences in
ATP7B concentration were found amongst the patibased on any of these factors. Fifty-nine
patients had hepatic copper measurements avaiBigere 4G-1). Fifty-one patients (86.4%)
had elevated liver copper (>250 ug/g), 46 of th@Mma%) had deficient ATP7B levels. Eight
patient had liver copper ranged from 25 to 248 ug/gf them with deficient ATP7B levels. Of
note, three samples were received with suspiciowDf by elevated liver copper but with no
ATP7B variants identified indicating they are noDVWatients. As expected, these samples had

normal ATP7B concentrations and were not contawiain the final 216 WD patient cohort.

DISCUSSION

This is the first large cohort study directly me@sg ATP7B from DBS of WD patients
with diverse genetic backgrounds. It showed ATP7&ptiple concentrations have a high
diagnostic potential. This test is a novel approsaxhWD testing and screening with a high
sensitivity and specificity. It can be successfalpplied in patients who do not present with clear
clinical and laboratory criteria for WD as a fifstecond” line test and expand the clinician’s
ability to non-invasively diagnose WD by reducirtgetneed for liver biopsy. As the assay
measures the ATP7B peptides produced in the peeploods, liver synthetic dysfunction

would have little or no effect on the concentratadmATP7B peptides in DBS, which is another
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advantage of the assay. In suspected cases, gie $&st is diagnostic, and combination of

laboratory tests and clinical investigation areuiegf to establish the diagnosis. These include
ophthalmologic testing for KF rings, Cp measuremgdthour urine copper measurement, liver

biopsy to determine copper content, &idP7B gene sequencing. In patients with hepatic WD,
KF-rings may be absent and Cp in the low normajjeacontributing to diagnostic ambiguity.

Genetic sequencing can give a definitive diagnasien two known pathogenic variants
are found. However, many mutations found in the ABRene are VUS, VCI, or are extremely
rare. Now, more than 1300 variants in ATP7B gemreliated in Varsome (varsome.cofn)649
of them pathogenic/likely pathogenic, while 692 tbeEm were classified as VUS. Variant
interpretation remains a challenge for clinicaldatiories’® 2’ The recommended Leipzig score
for diagnosis of WD assigns numerical values tortinmber of disease-causing mutations to give
probable WD diagnoses. The definition of “diseasalising variant is based on a variety of
databases, which may give conflicting answéts.

We hypothesized that direct measurement of ATP78ldcadentify WD patients as
majority of pathogenic mutations often result ilotein misfolding, absence of decay of mRNA
and enhanced degradation. To explore this goal, wid type (WT) ATP7B peptides were
chosen for anti-peptide antibody generation. Sévacdors influence peptide selection as they
must be unique to ATP7B, detectable by mass speetry, and elicit specific antibodies for
isolation. ATP7B 1056 contains the most common VéDsing mutation, p.H1069Q. If the
patient is homozygous for this mutation, WT ATP7@&56 will not be found because the WT
sequence is not present. Having a second peptiiB,/B 887, builds a redundancy into the

assay to ensure accurate performance.
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As a primary diagnostic test, quantification of A/B’from DBS effectively identified
WD patients Figure 2A&B, Table 1). Reduction of ATP7B concentrations below diagiwost
cutoffs for at least one ATP7B peptide was evide®2.1% of WD patients. Because the cutoffs
set are based on the number of NCs analyzed, R@&@<were constructed showing ATP7B
analysis to be a highly sensitive and specificdiagnosis. The calculated AUC for the dataset is
0.98 regardless of peptide quantifigdgure 2C&D). Here, 211 patients with available genetic
results(Figure 2E). WD is genetically confirmed in 144 patients witvo evident pathogenic or
likely pathogenic variants. This leaves 67 (32%}igmas without straightforward genetic
diagnosis. Within the genetically confirmed subgro81% were ATP7B deficient agreeing with
sequencing results. More importantly, 94% of pasiemithout clear genetic results (containing
VUS, VCI, or missing variants upon sequencing) W&EP7B deficient. ATP7B peptide
concentration analysis can be highly useful inehestients.

ATP7B peptide concentrations were measured inmasemples collected up to 11 years
prior to study whether ATP7B degradation impactyest samplegSupplemental Table 7)
Individuals with reduced ATP7B in freshly or redgntcollected samples had reduced
concentrations across time. This suggests that sil@ples are not being identified as patients
due to ATP7B degradation. No diagnosis in this grehanged due to date of sampling. This
includes one normal control with three separatepdesntaken over six months. All measured
concentrations clearly identified this individua aormal and the CV for the measurements in
these samples was ~11.4% and 12.4% for ATP7B 108®8&7, respectively.

Certain variants are highly prevalent in the pofiotreand more commonly seen in clinic.
These represent important test cases for the dis@iory ability of ATP7B quantification by

immuno-SRM. These variants had predominantly lowundetectable peptide concentrations
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supporting the hypothesis that protein levels atkicedn vivo. Three of these high frequency
variants (H1069Q, R778L, E1064A, and MG645R) havegnificantly reduced ATP7B
concentrations in both homozygotes and compoungldwtgotesKigure 3A-D). Patients with
these common mutations, and therefore a signifipententage of patients overall, should be
readily discriminated by the use of immuno-SRM asnalex test.

Direct measurement of ATP7B peptides means thatdes causing mutations that affect
protein activity but not protein concentration wgkknerate false negative results. In each of the
17 false negative patients both ATP7B 887 and ATRDB6 are above diagnostic cutoffs
indicating significant production of non-functionagitotein. Identifying these variants and their
frequency will be important in interpreting immuB&M in the context of other clinical results.
If ATP7B concentrations in patient DBS are in th&tablished normal ranges but clinical
suspicion for WD is high, continued patient workigpobligatory to confirm the diagnosis.
Several such variants were found here and ATP7BIdeoften depended on the nature of the
second variantTable 2). The variants found in these patients have alledguencies (AF)
ranging from unknown to 0.0089%, and therefore wowpresent a small percentage of the
overall patient population.

The most common variants ATP7B levels above theftutre p.G710S and R969Q
(Table 2; Figure 3E&F). There were 13 WD patients carrying the p.G71@8ant and 8
patients with p.R969Q. Seven p.G710S patients lobachal concentrations of ATP7B peptides
when they were either homozygous for p.G710S orpmamd heterozygous with p.G710A and
p.M665I. Three p.R969Q patients were false negatitie two of these cases p.R969Q is in
combination with p.H1069Q, which is shown to sigrahtly reduce ATP7B concentrations.

p.G710S is a variant associated with severe lilggage, 2 patients required an emergency liver
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transplantation due to fulminant hepatic failéteThese variants are known pathogenic by
causing significantly impaired copper transportivigt while maintaining normal ATP7B
trafficking and phosphorylatiom vitro.** 3® 3!Patients with these variants could be missed by
immuno-SRM when in combination with variants prodgc significant ATP7B. When in
combination with a variant severely affecting ATP@@&centrations, as in the p.H1069Q cases,
ATP7B levels may give false negativ8sable 2). The mechanisms of variant interactionvivo

are currently under study. Diagnostic potential wierefore depend on the specific genotype of
these patients. However, knowing these variante llae potential to generate normal levels of
ATP7B will be useful when evaluating genetic anelysllowing ATP7B measurement.

Like the method-dependent cut-offs used for Cph@dr urinary coppéf and hepatic
copper for diagnosing WA ** measurement of ATP7B peptides require validaiiorthe
population in which it will be used. This will aid generating clearly defined cutoffs. A true
description of the final diagnostic performanceAdiP7B concentration measurement will come
with conducting a large cohort validation or pittidy such as newborn screening.

Cp is not useful as a screening test for it levels of Cp <10 mg/dL are regarded as
useful for diagnosis (score 2 in Leipzig score)dD. A recent Chinese study showed that Cp
levels <12 mg/dL are strongly indicative of a diagis of WD*? Here, 200 patients had Cp
values available, among them 77 (38.5%) had moelefat values of 10-20 mg/dL and an
additional 16 (8%) had normal Cp levels >20 mg/@2.9% of patients with Cp <10 mg/dL had
ATP7B concentrations below diagnostic cutoffSigre 4A-C). When Cp levels were
moderately reduced, 91.6% of patients would betified by ATP7B analysis. Even in those
with normal Cp values ATP7B identified 87.5% of easMeasurement of DBS ATP7B can

provide clarity when Cp levels are ambiguous. Tluslikely because ATP7B is not a
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measurement of secondary disease effects. Cp gpkicaneasurements are often confounded
by external processes or disease influences imgyudier cirrhosis and malnutrition. As Cp is an
acute-phase reactant possessing ferroxidase ggctivii concentration can be elevated by acute
inflammation. A prospective study on serum Cp asraening test for WD in patients referred
with liver disease showed positive predictive vatfi@nly 6%° Here, immuno-SRM analysis of
ATP7B clearly outperforms Cp measurement.

Clinical information including age, Leipzig scordiser copper content, presence of KF
rings, initial presentation, and presence of ciibo were obtained where possible
(Supplemental Table 3) No significant differences in ATP7B concentratiwere found based
on age (pediatric vs. adult), presence of KF rprgsentation (hepatic, neurologic, both hepatic
and neurologic, or asymptomatic), or presence ofhasis. The ATP7B 887 peptide
concentration in hepatic and neurologic presematias 33.8 £ 51.7 pmol/L (mean + SD) and
38.2 £ 57.1 pmol/L, respectively. This appealrgned with previous observations in a large
cohort showing the absence of any phenotype-geaagpelation regarding initial symptomatic
manifestatior?> Fifty-nine patients had hepatic copper measurésnand 86.4% of these had
elevated liver copper above 250 pg/g. This incluites with normal ATP7B levels, three of
them with p.G710S variant, and supports their diag as WD patients despite negative
immuno-SRM resultgFigure 4G-1). Of interest, three samples were received witlpisie of
WD by elevated liver copper but with no ATP7B vatmidentified. These samples had normal
ATP7B concentrations, supporting their status asWb patients and providing an example of
immuno-SRM analysis in ruling out Wigure 4l). Finally, it is unknown how many patients

were being treated and what their treatment regimesre. Current WD therapies are focused on
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copper depletion and not restoration of ATP7B protAs such, treatments would not affect the
measured levels of ATP7B.
Examples from data set where diagnosis is simplifie

The ability of ATP7B measurement to clarify cassuits extends to ambiguities in
genetic analysis and contribute significantly teatting non-invasive clinical diagnosis of WD
(Figure 2E, Figure 4D-F. There are seven cases presented where patienés cempound
heterozygous or homozygous for two VUS indicatintpek of strong understanding of how
these variants will contribute to phenotygealfle 2). All these patients had significantly reduced
ATP7B peptides levels which suggesting affectedepéstatus. Three patients in this group had
only moderately reduced Cp between 10 and 20 mgfdane case (#186), sequencing returned
one VUS computationally predicted to be pathogemd one (p.V1364V-fs) predicted to be
benign. This patient had entirely non-detectableSDEIP7B indicating the consequence of this
genetic combination is disease-causing. One pa{#86) presented an interesting clinical
situation in that a VUS was found on sequencing @paconcentrations were clearly within the
normal range (27 mg/dL)lable 2). Here, ATP7B measurement provided clear indicathat
these patients severely lacked ATP7B protein ane wery likely affected by WD in a way that
genetic analysis, prediction, and Cp measuremarit coot.

Similarly, there were 37 patients where a knowrhpgénic or likely pathogenic variant
was found in combination with a VU&igure 4E, Table 2). Thirty-five (94.6%) of these had
reduced ATP7B concentrations of at least one peptidicating positive identification as a WD
patient despite a lack of knowledge of the conseges of their specific mutations. In 14 of
these cases, Cp was found toi® mg/dL. Here, a significant reduction in pati&TtP7B is

particularly valuable in assigning a clinical desigon and treatment course.
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Of concern are situations where Sanger sequencidgpraNGS identifies only one
variant. Sequencing analysis can be robust foetarg known variants but can return negative
results if disease causing mutations are smalrgel deletions, duplications, in the deep intronic
or promoter regions, or in poly-A tails. These aftons can have significant impact on patient
identification and place greater emphasis on Cpsorements and other WD diagnostics while
the genetic basis for disease is not known. Indt&pts from our cohort with high suspicion for
WD, only oneATP7B variant was identifiedRigure 4F, Table 2). All of them had ATP7B
measurement with peptide concentrations below ksit@lol cutoffs. This includes four patients
with Cp concentrations between 10 and 20 mg/dL,revlzesingle variant and a moderate Cp
reduction would be insufficient to establish thegtiosis. In three patients the single variant
detected from sequencing was a VUS causing a fudgbaplication in genetic interpretation.
ATP7B measurement can provide direct evidence @fcthinsequences of existing variants even
if the second variant was not detected from seqogmveorkflows.

It is notable that some carriers with ATP7B peptidacentrations below cut-off create
potential false positives. ATP7B 887 analysis shibwWil8 carriers had the peptide levels below
diagnostic cut-offs. The mechanisms by which a Isingffected allele reduce ATP7B
concentrations are unknown and require study. rRofghisms affecting protein concentration
or factors affecting possible co-translated proteiteractions may exist but are currently
unknown.

Finally, we propose a new algorithm for WD diagisodncorporating ATP7B
measurement findings for each peptige(re 5). Here we define four possible patient groups
based on ATP7B peptide level: [1] directly estdi®id WD (< 32 pmol/L for ATP7B 1056 and <

56 pmol/L for ATP7B 887); [2] probable WD (ATP7B theeen group 1 and the diagnostic
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cutoff); [3] possible WD (ATP7B 1056: Cutoff - 154mol/L and ATP7B 887: Cutoff - 200
pmol/L); and [4] unlikely WD (> 154 pmol/L for ATH¥ 1056 and > 200 pmol/L for ATP7B
887). In validating the algorithm on the currerntrespectively collected patients, we found that
172 out of 216 (79.6%) showed ATP7B within the mangf patient group 1 making their
diagnosis very highly likely. Applying this methad the remaining cases along with mutation
analysis show that all are able to reach WD diaign@scept for two cases in which diagnosis or
carrier status cannot be determined. Full valisatibthis proposed algorithm will be necessary
through a large cohort prospective study.
Limitations

The study is limited in that data are predomina@fucasian patients. Patients from the
Indian subcontinent, Africa and South America mayéhdifferent genotype distributions and
possibly differing ATP7B peptide levels. There isoaan unavoidable selection bias due to the
analysis of only well-described WD cases. A sigaifit limitation comes from the fact that these
samples have been collected in a retrospective enatinwill be important to prospectively
analyze a large cohort samples before genetic sisdly future applications. Full validation in a
large prospective study will allow for more acceraefinition of ATP7B variability in healthy
normal samples and diagnostic parameters inclusimgitivity, specificity, PPV and NPV. The
current statistical measures of predictive sigaifice may change upon conducting a validating
study. Furthermore, very few cases of fulminant \&f2l hemolysis were investigated. Patients
presenting with hemolysis may have differing ATRF&ptides concentrations due to RBC lysis.
In addition, ATP7B analysis is unable to delineptgient groups based on phenotype, i.e.,

hepatic or neurological types or disease sevefhityally, only two signature ATP7B peptides
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have been analyzed. Alternative peptide sequenegshawve different discriminating capability
such that study of additional candidate peptideg Ioeahelpful.

LC-MS/MS is considered highly specialized techngldgough it has been used in
clinical laboratories in a wide array of fields buas toxicology, drug monitoring and newborn
screening. Following the standard validation predesthe clinical laboratory, we anticipate the

assay can be successfully implemented into climucadtice.

CONCLUSION

ATP7B peptide analysis identified WD patients iaege majority cases and reduced
ambiguities resulting from genetic analysis andi&els. This non-invasive assay can serve as
an adjunctive test for the diagnosis of WD andxigeeted to fundamentally advance the use of

proteomic technology for a rapid screening toolaaea that holds great promise but is largely

untapped.
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Captions:
Figure 1. Patient cohort characteristics. Analysis of theaggpes of patients (A) and the
characteristics of the variants present (B) shawdiwersity of variants and variant combinations

present.

Figure 2: Diagnostic performance of ATP7B peptide analySiamparison of ATP7B peptide
measurements for ATP7B 1056 (A) and ATP7B 887 @tples in normal control patients
(NC), patients, homozygotes (H), compound hetero®g)(CH) and carriers. Dotted lines
represent diagnostic cut-offs for each peptide. RO®@es show the diagnostic performance of
ATP7B 1056 (C) and ATP7B 887 (D). WD patients wgimetic test results are readily

identified even in subgroups where genetic resutsambiguous (E).

Figure 3: ATP7B peptide concentrations in patients with canmariants are often reduced and
variants causing false negatives are rare. Patientszygous and heterozygous for p.H1069Q
(A), R778L (B), M645R (C) and E1064A (D) are largebduced. False negatives within the
patient cohort are possible with the presence eftifip variants including G710S (E) and

R969Q (F). Patients can have variable peptide cdrateons depending on the second variant. H
= Homozygote, CH = Compound Heterozygote. Dottedes&i represent peptide diagnostic

cutoffs.

Figure 4. ATP7B peptide concentration analysis can proviéarcresults where ceruloplasmin
results and genetic analysis are ambiguous. Rateth significantly (A), moderately (B), and

normal (C) Cp were readily identified. ATP7B contations are reduced regardless of variant

27



status including in patients with two pathogeniclikely pathogenic variants (D), at least one
VUS (E), or where no second variant was found (EJp = Ceruloplasmin. Dotted Lines
represent peptide diagnostic cutoffs. Patients Wtdr copper above (G) or below 256 ug/g (H)
are shown. In three samples from non-WD patienith wlevated liver copper, ATP7B

concentrations are normal (1).

Figure 5: Proposed Wilson Disease Diagnostic Algorithm

Table 1 Analytical and diagnostic performance for ATP7&ppdes. LLOD = Lower Limit of
Detection, LLOQ = Lower Limit of Quantification, C\¥ Coefficient of Variation, PPV =

Positive Predictive Values, NPV = Negative PresietValue, AUC = Area Under the Curve.

Table 2 Selected Patients from Cohort. Peptide conceomistare given in pmol/L. The
diagnostic cutoff for ATP7B 1056 is 80.8 pmol/L.& Hiagnostic cutoff for ATP7B 887 is 114.0
pmol/L. KF ring: Y=Present, N=Not present. Prestota H=Hepatic, N=Neurologic,

A=Asymptomatic, B=Both Hepatic and Neurologic, *+@iosis. ND=Not Detected.
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Table 1: Analytical and diagnostic performance for ATP7B peptides.

LLOD LLOQ Intra-assay Inter-assay PPV NPV

Peptide  molil) (emollL)  CV (%)  cv @) %) @) ~YC
ATP7B

A 381 7143 12.9 15.3 %61 913 g
ATP/B 887 217 714 11.0 13.0 980 915 098

LLOD = Lower Limit of Detection, LLOQ = Lower Limit of Quantification, CV = Coefficient of Variation,
PPV = Positive Predictive Values, NPV = Negative Predictive Value, AUC = Area Under the Curve.



Table 2. Selected Patients from Cohort

Patient Gender Age Variantl Annotation 1 Variant2 Annotation 2 ATP78 1056 ATP78 887 cpL Leipzig Score Liver C.opper KF Ring Presentation
(pmol/L) pmol/L (mg/dI) (ug/g Tissue)
False Negative (n=17)

110 F 17 p.G710A Path p.G7105 Path 88.9 1330 14 7 - N -
10 M 34 p.G710S Path p.G710S Path 1204 155.3 <9 8 - Y N
1 M 17 p.G710S Path p.G710S Path 193.2 264.3 12 10 - Y B*
12 F 44+ p.G7105 Path p.G7105 Path 1511 1936 9.1 1 164 Y N
13 M 19 p.G7105 Path p.G7105 Path 2524 3817 20.7 8 1243 Y B

111 M a7 p.M6651 Conflicting p.G7105 Path 1339 2130 155 7 324 N H

112 M NA P-M665! Conflicting p.G710S Path 94.9 144.4 NA 6 324 N H

140 F 29 p.R616Q Path p.L1305P Path 105.5 151.7 2 8 - Y B

149 F 17 p.H1069Q Path P.M769V Likely Path 130.2 180.1 10 8 2047 N H

150 F 31 p.N41S /p.11021V Likely Path p.M996T Likely Path 1291 2186 4 6 >250 N H

153 F 37 p.H1069Q Path p.P1273L Path 105.3 188.5 8 10 - v N

154 F 18 P.M769H-fs Path p.P1273L Path 1214 1704 5 10 - Y N

170 M NA p.H1069Q Path p.R969Q Path 90.5 1314 NA 4 - - -

124 M 17 p.Q7D-fs*14 vus p.H1069Q Path 135.8 2425 19 5 - N H

171 F 9 p.H1069Q Path p.R969Q Path 145.6 220.9 16 5 - N H

176 M NA p.RE16W Path p.R969Q Path 134.2 134.2 25 7 - N H

183 F 31 p.T977M Path p.T991A VUs 137.9 191.7 12 3 - Y H

Patients with One [Likely ic variant in C with one VUS (n=37)

124 ™M 17 p.H1069Q Path p.Q7Ds*14 vus 1358 2425 19 5 - N H

125 ™M 9 p.H1069Q Path p.Q7Ds*14 vus 79.4 176.3 16 5 - N H

131 F 13 p.H1069Q Path p.11007T-fs vus ND 54 14 5 - Y H

arr[GRCh37]

55 M 59 p.H1069Q Path 13914.3(52541594_ vus ND 16.1 13 5 - Y H

52548863)x1

87 F 19 p.H1069Q path p.D1447Gfs vus 67.5 130.7 13 6 - N H

159 M 40 p.R827W Likely Path p.R1320T vus 58.7 93.4 13 7 - N N

133 M 18 p.H1069Q Path p.K10285-fs Vus ND 39 12 7 842 N H*

183 F 31 p.T977M Path p.T991A Vus 137.9 191.7 12 3 - Y H

164 F NA p.H1069Q Path p.R778P vus ND ND 1 9 1332 N H

118 M 6 p.H1069Q Path p.G1011X vus ND 100 10 6 - N H

157 F 8 p.R1041W Likely Path p.D765Y vus 6.8 20.7 10 8 1211 N H

163 M 2 months p.R778L Path p.V11061 vus 4.0 9.7 10 A - N A

182 M 40 p.T850! Likely Path p.G5155 vus 116 134 10 6 - Y B
67 F 17 €.2865+1G>A Path p.Ser13s* vus ND ND <13 9 - N H

167 F 19 p.H1069Q Path p.RIISL vus 3.6 221 9 10 - Y N
95 ™M 53 p.H1069Q Path p.F1343dup vus ND ND 9 3 - Y H

108 M 15 p.H1069Q Path p.G1341E Vus ND 104 6.7 8 - Y H

181 F 41 p.G1266R Path p.T807I Vus 8.3 59 6 9 291 N H

193 F 15 p.S1365C-fs*12 Path p.Y7431fs*19 Vus ND ND <6 7 - N H
80 M 40 p.AS74V Path €.2299InsC vus 6.0 105 55 10 1575 v H*

120 F 13 p.H1069Q Path p.Lys269* vus ND ND 5 5 923 N H

142 M 39 p.T977M Path p.L1350P Vus 226 326 5 10 - Y B
76 M 5 p.A1018V Path p.E458X Vus 264 475 4.1 8 793 N H

141 F 46 p-H1069Q Path p.L1333P Vus ND 6.3 4 7 - Y H

184 M 10 p.AS74V Path p.V1106l vus 201 155 4 - - - -

119 ™M 38 p.H1069Q Path p.K844E-fs*10 vus ND 87 <4 4 - N N
79 M 59 p.L1088X Likely Path p.A1135Q-fs*13 Vus ND ND <4 6 - Y H

165 M 15 p.R778W Path p.K35N-fs*6 vus 218 251 <3 4 - N H

143 F 26 p.R778L Path p.L770L vus ND ND <3 9 - Y H
69 F 16 p.T10291 Path €.3060+5G>C vus 28 ND <3 8 - Y H
74 F 12 p.H1069Q Path IV$19-1C>G vus ND 135 3 9 - Y N

188 F 8 p.MB45R Path p.V997-fs vus 38.7 724 24 8 >250 N H*

102 M 9 p.G1341D Path p.F1026F-fs vus ND ND 2 10 - Y N

134 F 10 P.M769H-fs Path p.K10285-fs Vus ND ND 2 10 - Y N
72 F 24 p.G7105 Path €.3400delC vus 57.7 9.6 06 12 248 v B
68 M 1 €1708-1g>¢ Likely Path €.2866-3c>g vus 224 37.7 NA 6 - Y H
88 F 8 p.M769H-fs Path p.D1460Y vus 203 39.3 low 6 - N H

Patients with Two VUS's (n=7)

86 F 68 p.E332K vus p.D1047V Vus 51.7 793 27 6 26 N B
3 M 18 p.G1335E vus p.G1335E vus ND ND <2 - - Y N
9 F 15 p.G1341E vus p.G1341E vus 22 ND 14 6 - N H

84 M NA p.1336V vus p.C709T vus 105 155 10 8 552 N H
85 F NA p.1336V vus p.C709T vus ND 63 13 7 900 N H

186 M NA p.S932L vus p.V1364V-fs Vus ND ND 10 9 - N B

130 M 20 p.TS9H-fs*19 Vus p.H1247Q Vus 23.6 27.2 <4 9 54 Y N

Patients with Only One Variant Found (No 2nd variant detected) (n=18)

208 ™M 17 €.2299delC vus unknown - ND ND <2 - - N H

209 ™M 19 €.2299delC vus unknown - ND ND <2 - 502 N N

195 F 43 c.51+4a>t Path unknown - 256 376 4 8 - Y N

196 F 28 p.A1049A-fs vus unknown - 22 9.1 3 7 - Y N

194 M 50 p.D765N Path unknown - 204 214 <4 8 - Y N

197 M 2 p.G1176R Path unknown - 36 73 3 5 - N H

199 ™M 17 p.H1069Q Path unknown - 86 329 <10 5 - N N

201 ™M 14 p.H1069Q Path unknown - 314 29.0 34 - - N N

198 F NA p.H1069Q Path unknown - ND 5.0 12 6 - N H

200 M 14 p.H1069Q Path unknown - ND 6.7 13 4 - Y H

211 F 22 p.H1069Q Path unknown - ND 79 2 5 - N N

210 M NA p.L1305P Path unknown - ND 6.0 NA 3 - - -

202 F 16 p.M769H-fs Path unknown - ND ND 138 6 525 Y H

203 M 37 p.R1319X Path unknown - 3.0 52 <10 9 1042 Y B

204 M 12 p.R778L Path unknown - ND 95 <3.0 5 - N H

205 M 25 p.T1220M Likely Path unknown - 67.7 77.0 <10 4 191 N B

207 F 18 p.W779X Path unknown - 380 65.6 153 6 258 N H

206 M 45 p.W779X Path unknown - ND ND <4 6 - Y H

KF ring: Y=Present, N=Not present

H=Hepatic,

B=Both Hepatic and Neurologic, *=Cirrhosis



Genotype distribution in patients

Total = 216

66.7% Two P/LP Variants

2.8% Two VUS

17.1% One VUS and One P/LP
2.3% One VCI

1.9% Not Available

8.3% Without a Second Variant
0.9% With One B/LB

Characteristics of variants

Total =130

63.9% 83 P/LP
33.1% 43 VUS
1.5% 2LB
08% 1B
0.8% 1 VCI
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‘“WHAT YOU NEED TO KNOW”

BACKGROUND AND CONTEXT:

WD patient identification remains a challenge resulting in delayed diagnosis and
development of irreversible severe complications, such as permanent brain or liver damage,
which render treatments ineffective

NEW FINDINGS:

Thisfirst large cohort study directly measuring ATP7B from DBS of WD patients with
diverse genetic backgrounds showed ATP7B peptide concentrations have a high diagnostic
potential.

LIMITATIONS:

The study islimited in that data are mostly obtained from Caucasian patients. Sensitivity and
specificity may be variable geographically.

IMPACT:

ATP7B peptide anaysis identifies most WD patients reducing ambiguities resulting from
genetic analysis and is expected to advance the use of proteomics, a promising technology

but largely untapped.

‘LAY SUMMARY”
A proposed diagnostic score and algorithm incorporating ATP7B peptide concentrations in

DBS can be rapidly diagnostic and supplemental to current Leipzig scoring systems.



