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Abstract

Purpose—Early diagnosis of primary immunodeficiency disorders (PIDD) is critical for
maximizing patient survival and clinical outcomes. Consequently, there is significant interest in
developing broad-based, high-throughput, screening approaches capable of utilizing small blood
volumes to identify patients with PIDD.

Experimental Design—We developed a novel proteomic screening approach using tandem
mass spectrometry to simultaneously identify specific signature peptides derived from the
transmembrane protein CD3e and the intracellular proteins WASP and BTK as markers of three
life-threatening PIDDs; Severe Combined Immunodeficiency (SCID), Wiskott-Aldrich syndrome
(WAS) and X-Linked Agammaglobulinemia (XLA). Signature peptides were analyzed by LC/
MS-MS in proteolytically digested lysates from cell lines and white blood cells. The amount of
each peptide was determined by the ratio of the signature peptide peak area to that of a known
amount of labeled standard peptide. Peptide concentrations were normalized to Actin.

Results—We show that signature peptides from CD3e, WASP, and BTK were readily detected
in proteolytically digested cell lysate and their absence could correctly identify PIDD patients.

Conclusions and clinical relevance—This proof of concept study demonstrates the
applicability of this approach to screen for PIDD and raises the possibility that it could be further
multiplexed to identify additional PIDDs and potentially other disorders.
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1. INTRODUCTION

Primary immunodeficiency disorders (PIDD) are a diverse group of clinical syndromes.
Many of these are associated with the absence of a particular protein or a particular immune
cell subset that can provide clues to a diagnosis. Because of the susceptibility to severe
infections caused by the immunodeficiency, early diagnosis is critical to initiate patients on
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appropriate therapy and optimize clinical outcomes. The identification of more than 180
single gene defects that cause various forms of PIDD has dramatically expanded our
knowledge of immune mechanisms in humans, but poses new challenges for diagnosing
these disorders. High-throughput sequencing techniques are now being utilized to
simultaneously screen for genetic defects in a large number of genes or even throughout the
genome. These may identify genetic alterations in a number of genes in a single individual.
The evaluation of protein expression or function will then be required to determine which of
these are relevant and pathogenic. Development of a high-throughput, proteomic approach
specifically focused on diagnosis and screening for PIDD would, therefore, be of significant
utility. We have developed a novel proteomic technique using tandem mass spectrometry
(MS/MS) to identify specific proteolytic “signature peptides” derived from key marker
proteins involved in the function of immune cells. We have performed a pilot study to
evaluate this approach for the identification of three life threatening immunodeficiency
disorders: Severe Combined Immunodeficiency (SCID), Wiskott-Aldrich Syndrome (WAS)
and X-Linked Agammaglobulinemia (XLA).

Severe Combined Immunodeficiency (SCID) is a congenital immunodeficiency disorder in
which affected children have minimal immune function and are very susceptible to bacterial,
viral, and fungal pathogens. Patients with SCID typically become ill within the first months
of life. The definitive treatment for SCID is hematopoietic stem cell transplantation. If
transplanted before the acquisition of severe viral or fungal infections (typically within the
first 3 months of life), the outcome is excellent and survival is now >90% for most types of
donor sources [1, 2]. Mutations in 21 different genes have been associated with development
of a SCID phenotype [3-7]. The one unifying feature of patients with SCID is a lack of T
lymphocytes. Only T-cells express the cell surface CD3 complex, so this can be used as a
protein biomarker for SCID. CD3 is composed of multiple subunits (y, 6, &, and C) that are
associated with the T cell receptor [8]. The epsilon subunit (CD3e) is arguably the best
characterized subunit of the CD3 complex and is the target of the majority of monoclonal
antibodies generated to detect CD3 on the surface of cells.

Wiskott-Aldrich syndrome (WAS; OMIM 300392) is caused by mutations in the W/AS gene
that encodes the WASP protein [9, 10]. Patients have a combined immunodeficiency and
demonstrate susceptibility to recurrent infections [11]. They also have small, dysfunctional
platelets that lead to bleeding problems and thrombocytopenia. X-Linked
Agammaglobulinemia (XLA; OMIM 300755) is caused by mutations in the gene encoding
Bruton’s Tyrosine Kinase (BTK) [12-14]. Patients with pathogenic mutations in this kinase
exhibit a block in B cell development, and suffer recurrent bacterial upper and lower
respiratory tract infections, gastrointestinal infections, and sepsis. The disorders presented
above are potentially treatable if diagnosed early.

BTK, WASP, and CD3e are low abundance transmembrane or cytoplasmic proteins
expressed only in hematopoietic cells. These proteins are not detectable in plasma. We
hypothesize that these proteins can be observed in proteolytically digested extract from
white blood cells (WBC), and that analyzing the resultant peptides by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) would allow detection
of patients with little or no expression of BTK, WASP, and CD3e. This is a novel approach,
exploiting established genetic information and applying it to a proteomics based assay.

2. METHOD

2.1 Materials

ProteaseMAX™ Surfactant was purchased from Promega Corporation (Madison, WI).
Proteomics grade trypsin, bovine serum albumin protein standard (200 mg/mL), and dextran
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from Leuconostoc mesenteroides were from Sigma Life Science (St. Louis, MO).
Dithiothreitol (DTT) was purchased from Fermantas Inc. (Glen Burnie, Maryland). HPLC
grade water and acetonitrile (ACN) Optima were from Fisher Scientific. Formic acid (FA),
glacial acetic acid, ammonium bicarbonate, and sodium chloride were purchased from
Fluka. Coomassie Plus-The Better Bradford Assay™ Reagent was from Thermo Scientific.
Custom peptides listed in Table 1 were obtained from AnaSpec (Fremont, CA). Peptide
sequences were synthesized as unmodified peptides with free N-terminal and C-terminal
amino acids. The stable isotope label (13C, 15N) was incorporated at the lysine or arginine
position, resulting in a mass shift of +8 or +10 Da, respectively. The purity of all synthetic
peptides was >95% except for BTK 526-536 (90.7%) as measured by HPLC.

2.2 Selection of Peptides

In silico trypsin digestion modeling was performed using the web-based program Protein
Prospector (Baker, P.R. and Clauser, K.R. http://prospector.ucsf.edu). Signature peptides
were selected for use in MRM experiments based on the following criteria: Peptides
containing methionine were excluded because methionine is frequently oxidized. Peptides
with single nucleotide polymorphisms (SNPs) were also excluded. The remaining peptides
were evaluated for suitability based on sequence. Specifically, the presence of polar amino
acids that promote fragmentation and the absence of multiple prolines which inhibit
fragmentation were preferable characteristics. Peptide length was also taken into
consideration, with 13 to 16 residues considered optimal because such peptides are doubly
or triply changed when using electrospray ionization (ESI), which is ideal for fragmentation.
The hydrophobicity of the peptide was also taken into account, since very hydrophobic
peptides are difficult to synthesize and require long HPLC gradients [15]. Candidate
peptides were submitted to a BLAST search to insure that the sequences are unique within
the human genome. Candidate peptides were synthesized, and both full MS and MS/MS
spectrums were performed on each peptide to ascertain the best MRM transitions and
conditions (Figure 1). The “signature” peptide candidates and their MRM transitions are
listed in Table 1. The final “signature” peptides were selected by evaluating the MRM
chromatogram of an isotopically labeled version of the peptide and comparing this to the
mixed peptide pool from proteolytically digested WBC.

2.3 Sample Preparation

WBCs from normal individuals and PIDD patients were isolated from 2.5 - 5 mL of
anticoagulated whole blood (EDTA or ACD) using a dextran gradient. The study was
approved by the institutional review board of Seattle Children’s Hospital. WBCs were then
dissolved in 500 p.L 0.1% ProteaseMAX surfactant in 50 mM ammonium bicarbonate by
vortexing for 30 min. At this point aliquots were reserved for a Bradford assay. Disulfide
bond reduction and trypsin digestion were performed in a single step with2 M DTT and
ACN added to final concentrations of 5 mM and 15% respectively. Trypsin was used in a
1:20 enzyme to protein ratio (w:w). The mixture was incubated in a 37 °C water bath
overnight. After digestion, samples were dried under a stream of nitrogen to approximately
500 p.L. At this point, 1 mL acetonitrile was added and the sample was vortexed for 1
minute then placed in an ice bath for 30 min. After a 5 minute centrifugation, the
supernatant was transferred to a new tube, and dried completely under a nitrogen stream.
The dried sample was reconstituted in 5% ACN in water with 0.1% FA containing a 25 nM
mixture of labeled internal standard (IS) peptides. The samples were centrifuged at 13000
rpm for 5 minutes to remove impurities left from the digestion.

2.4 Liquid Chromatography-Mass Spectrometry

LC-MS/MS analyses were performed on a Waters Acquity UPLC system coupled to a
Waters Quattro Premier XE triple quadrupole mass spectrometer equipped with an
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electrospray ion source. The peptides were separated on a Waters Acquity UPLC BEH C18
column (2.1 x 150 mm, 1.7 pum particles). Elution was performed at a flow rate of 100 pL/
min with water containing 0.1% FA (v/v) as solvent A and acetonitrile containing 0.1% FA
(v/v) as solvent B. A linear gradient of 5-25% solvent B was applied over 60 minutes
followed by column washing and reconditioning. MS/MS analysis was performed in
positive ion mode with the capillary voltage set to 3.00 kV. The desolvation gas was 700 L/
hr and the cone gas was 100 L/hr. The collision energy and cone voltage were optimized for
each peptide by directly infusing the isotopically labeled peptide in 20% solvent B at 100
pL/min. The resolutions of Q1 and Q3 were, respectively, 14.0/14.0 (HM/LM) and 12/12
(HM/LM). The dwell times were 0.05 s for BTK 407 and CD3e 197, 0.07 s for BTK 526
and WASP 274, 0.1 s for Actin 53, 0.13 s for BTK 545 and WASP 14, 0.15 s for CD3 e 86,
and 0.2 s for WASP 289 transitions.

2.5 Protein Quantification

The chromatographic peaks for the signature peptide and isotopically labeled peptide were
integrated using QuanLynx (Waters) software. The most abundant transition for each pair
was used for quantification unless interference from the matrix observed. The concentrations
of BTK, WASP, CD3e, and actin, as represented by their respective signature peptides are
reported, normalized to actin unless otherwise noted. The amount of each peptide in a
particular WBC sample was determined by calculating the ratio of the peak areas for the
signature peptide to that of its labeled IS present at a known concentration.

2.6 Precision and Linearity

WBCs from individual normal donors were isolated from 2.5 ml aliquots of fresh blood.
These were used to validate the precision and linearity of the LC-MS/MS assay. Inter-assay
precision was evaluated by analyzing 3 WBC pellets from single whole blood donors.
Protein extraction, digestion, and MRM analysis were performed independently for each
sample. Intra-assay precision was evaluated using 10 WBC pellets from a single donor.
Protein extraction, digestion, and MRM analysis were performed in a single experiment.

Linearity was established by loading between 1 g and 100 g of digested protein onto the
UPLC column for analysis. A stock protein solution was prepared by extracting protein from
a WBC pellet isolated from 8 mL of whole blood. The amount of total protein, determined
by a Bradford assay, was used to determine the amount of trypsin necessary for complete
digestion and for calculating the amount of digested protein (.g) loaded onto the UPLC
column. A seven point curve spanning two orders of magnitude was acquired. The
concentrations of labeled 1S were held constant at 25 nM throughout the experiment in order
to assess ion suppression.

2.7 Control and Patient Protein Concentration Ranges

The normal concentration ranges for each protein were established using 45 control samples.
Samples consisted of de-identified EDTA blood left over from routine blood testing in the
hospital laboratory. When 2.5 mL of whole blood was available, the sample was labeled
with gender and age. When less than 2.5 mL was available, samples were pooled into 3
groups based on age (< 1 year old, 1-5 years old, and > 5 years old).

In blinded trial, various cell lines (Jurkat, Daudi, WAS (=) BLCL, HUT78, and THP-1)
lacking one or more of the target proteins (WASP, CD3e, BTK) were used to establish the
absence of signature peptides for WAS, SCID, and XLA. Each pellet contained
approximately 1 million cells and was digested using the procedure described for WBC.
Likewise, 16 de-identified PBMC samples from 5 WAS, 5 SCID, and 6 XLA patients were
also analyzed in a blinded fashion. Lastly, as an additional approach to mimic the situation
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in SCID, CD3+ T cells were depleted from whole blood using the HLA whole blood
positive selection kit (Stemcell Technologies, Vancouver, Canada). CD3 depleted and non-
depleted samples were prepared from the same normal individuals. Depletion of CD3+ T
cells was confirmed by flow cytometry (data not shown). The procedure for protein
extraction, digestion and analysis was identical to the control samples.

3. RESULTS

3.1 Selection of Signature Peptides

Signature peptide candidates for each target protein (WASP, CD3e, BTK) were identified
using /n silico analysis with the criteria outlined above. To determine which of the
candidates would be useful as signature peptides, an isotopically labeled version of each
candidate peptide was synthesized. WBC pellets from normal controls were solubilized and
digested with trypsin to yield a complex peptide mixture. This mixture was analyzed for the
presence of each candidate peptide by simultaneously scanning for the candidate and labeled
peptide transitions. A candidate was confirmed as a signature peptide only when the
chromatographic peak and MRM pattern for the candidate peptide and labeled peptide were
comparable. This is demonstrated in Figure 1; in this chromatogram, unlabeled BTK
545:558 derived from the WBC, and isotopically labeled BTK 545:558, which was added to
the WBC extract, co-elute and had comparable MRM patterns. This confirms BTK 545-558
as a signature peptide.

Three isotopically labeled standard peptides each were purchased for BTK, WASP, and
CD3e, and two for actin. Each peptide was evaluated as described and at least one peptide
from each protein was chosen as its signature peptide. During the UPLC chromatographic
separation, 9 signature peptides and their isotopically labeled internal standard (IS) were
analyzed by MRM. The peptides selected as signature peptides are indicated in Table 1 with
an asterisk and their chromatograms and mass spectrum were shown in Figure S1.

3.2 Quantitation of Signature Peptides

To determine if the chosen signature peptides could be used to accurately identify cells
lacking one or more of the three target proteins, five different cell lines were analyzed in a
blinded fashion for the presence of WASP, CD3e, and BTK. The results, summarized in
Table 2, indicate which proteins were detected in each cell line. As shown, this assay
accurately identified the predicted phenotype of each cell line studied (Table 2). Based on
these results, the signature peptides that consistently performed best in terms of sensitivity
and specificity (WAS 274, CD3e 197, and BTK 526) were chosen for further analysis. We
next determined whether the assay could be used to accurately identify patients with
immunodeficiency by analyzing 16 blinded PBMC pellets from 5 SCID, 5 WAS and 6 XLA
patients. In addition to the proteins of interest, one housekeeping protein, actin, was included
in the analysis as an internal control for both normalizing protein concentration and sample
integrity. We found that when actin level from control samples was very low, none of target
peptides was observed, indicating potential sample degradation. One sample from a WAS
patient was eliminated from further analysis due to very low level of actin. Of the 15 blinded
PBMC samples, 12 samples were correctly identified (Table 3). The 3 patients that were not
correctly identified highlight some of the potential weaknesses of this method. Patient
SCID5 had X-linked SCID caused by mutations in the /L2RG gene. Under normal
circumstances, patients with X-SCID lack both T cells and NK cells but have normal to
elevated numbers of B cells (T"™9B*NK"d SCID). This patient was however engrafted with
maternal T cells so that his T cell counts were actually elevated. The CD3e peptide was
therefore readily detected as was the WAS peptide however the BTK peptide was not
detected. We believe that this was due to the majority of lymphocytes in the sample being T
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cells which diluted-out the BTK peptide below the detection limit of this assay. The other 2
patients that could not be characterized were WAS3 and WAS4, brothers who were both
moderately lymphopenic. We believe that this may be the reason that the peptides were all
below the detection limit of the assay. For each of these samples, the Actin peptide was
detected and found to be in an acceptable range suggesting that there may have been
contaminating non-lymphoid cells in the sample, possibly myeloid lineage cells. In PBMC
with CD3* T cell artificially depleted (samples #1 and #5), no CD3e or very low amount of
CD3e were detected compared to the normal PBMC sample (#3) as expected (Table 4).

3.3 Validation Results

The intra-assay and inter-assay coefficients of variation (%CV) are listed in Table 3, ranging
from 13.8% to 24.3% CV. Each labeled peptide demonstrated modest ion suppression with
increasing sample load, but the ratio of signature peptide to labeled peptide was linear over
two orders of magnitude for each peptide except WASP, which was linear over only one
order of magnitude (Figure 2). The WASP peptide proved to be very sensitive to total
protein load. As expected, the quality of the chromatography decreased with higher sample
loads; this led to fat peaks and drifting retention times. The limit of detection, measured
using the isotopically labeled standards, was 280 fmole/mg protein for each peptide except
BTK 526-536, for which it was 1.4 pmole/mg protein.

4. DISCUSSION

We have developed a proteomic method of screening for primary immunodeficiency
disorders using proteolytic “signature” peptides and tandem mass spectrometry. We have
demonstrated that our method can readily identify genetic disorders that are characterized by
a complete absence or marked decrease of a specific protein. In our blinded cell line study, 5
different cell lines were analyzed, probing peptides from 3 proteins that are not expressed in
the disease state. The results from the cell line study were very clear; we observed the
peptides from the proteins expected to be present, and peptides from the proteins not
expected to be in the sample were undetectable. We did detect a small amount of WASP
14-34 in the WAS (-) BLCL sample. The concentration was significantly lower than what
was observed in the other PBMC samples, specifically, it was only 2% of the concentration
observed in the other B-cell line. The other WASP peptides were not detectable and it is
possible that the observed peak is an artifact.

In efforts to further demonstrate that our method can be used as a diagnostic for genetic
disorders, we first analyzed fresh PBMC’s from three BTK deficient patients. The results
clearly indicate that CD3e and WASP are present and BTK is not detectable. This is
encouraging because 60% of BTK mutations result in the absence of the BTK protein in B
cells and platelets. It appears that this method could quickly allow the detection of BTK
proteins. We also had successfully identified CD3e and WASP deficient cell lines and also
documented that CD3e was missing in T-cell depleted cell line. As most disease causing
mutations are functionally null in these conditions, it is feasible that we could easily detect
the patient lacking CD3e or WASP with our method. To further investigate and validate the
targeted peptides in affected patients, we were able to retrieve 13 additional cryopreserved
samples for analysis. One of them was removed from the data as the sample had non-
detectable actin peak likely degraded. In one patients (WAS4), we did not see any detectable
targeted peaks though substantial amount of actin peak was present. In WAS3 sample,
correct diagnosis couldn’t be also reached due to two absent peptide peaks. This possibly
indicates both B and T cell populations were too low to be quantitated indicating the amount
of peptide was below the detection limit. In SCID5 sample, the result was inconsistent with
a known diagnosis. We saw significant amount of CD3e in this sample, while the BTK peak
was absent which also mislead to the diagnosis of XLA. In addition, this method can miss

Proteomics Clin Appl. Author manuscript; available in PMC 2013 August 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Kerfoot et al.

Page 7

some patients who would present with functional deficiency but intact protein concentration.
We believe this method requires further study on important groups such as atypical SCID
(Omenn’s syndrome or those with maternal-fetal engraftment) or those lymphopenic
patients secondary to drugs or untreated HIV.

XLA and WAS are X-linked conditions, however, in quantitating these proteins, we did not
observe any difference between female and male control samples. The control sample
numbers in this study are quite limited, so we would need to analyze more samples,
including proven carriers, to determine more accurate reference and disease ranges. When
we prepared WBC pellet from 2.5 mL of whole blood, we observed considerable variation
in the size of the pellets and the amount of total protein extracted. This is not surprising as
there is significant variability in WBC counts between healthy individuals. We observed that
the concentrations of our marker proteins, normalized to total protein, varied significantly
from sample to sample. We believe that this may be the result of contamination from
varying amounts of serum proteins. To address this issue, we normalized our marker
proteins to actin, a ubiquitous intracellular structural protein. The %CV when normalizing to
actin is below 20% for BTK and WASP, and 24.3% for CD3e.

Although this CV may still be too high for large scale testing, we believe that this can be
improved with modest optimization for sample preparation. This variability is due to
multiple factors, including trypsin digestion efficiency, peptide recovery in the process, and
sample handling. One way to control for variable digestion and peptide recovery efficiency
would be to use stable isotope labeled protein standards since the stable isotope labeled
protein standards undergoes the same processing as endogenous target proteins, resulting in
improvement in the precision. Moreover, the use of automated sample preparation would
increase the throughput of the system, decrease sample handling errors, and increases
reproducibility.

Linearity studies performed for each of the signature peptides provide insight into the
complex nature of our samples. When choosing how much sample to load it is important to
consider both limit of detection and ion suppression. Our data indicate that loading 25 g of
digested protein strikes a balance between LOD and ion suppression. Below 5 p.g total
digest protein, all signature peptides fell below an acceptable signal to noise ratio. At protein
loads greater than 50 g, the response of all of the labeled peptides decrease.

Analysis of low abundance proteins using this method presents some unique challenges:
First, sufficient sample needs to be loaded to allow detection of low abundance proteins, but
increasing sample load causes distortions to the chromatography and ion suppression. A
popular approach for low abundance protein analysis is depletion of high abundance
proteins from whole blood protein mixtures. Several high abundance protein depletion kits
are available, but these kits are aimed at depleting plasma proteins [21-23]. Given that the
plasma proteome is different from the WBC proteome, we do not believe these would
significantly improve our current results. We are, however, refining this method in order to
use whole blood or dried blood spots as the starting material. Commercially available
depletion kits which deplete hemoglobin, albumin, and other abundant proteins in blood
may be of limited benefit. Alternatively, we believe that using a peptide affinity-based
approach could allow us to enrich signature peptides while simultaneously removing
unwanted high abundance peptides [24, 25].

Recently, the Secretary’s Advisory Committee for Heritable Disorders in Newborns and
Children unanimously agreed to recommend the addition of SCID to the uniform newborn
screening panel [26]. The purpose of newhorn screening is to identify patients with treatable
genetic conditions early enough to prevent them from developing permanent complications.
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With the development of tandem mass spectrometry in the early 1990s, the number of
detectable diseases expanded considerably, and included fatty acid oxidation defects and
organic acid disorders [27]. The absence of T-cell receptor gene excision circles appears a
sensitive marker of profound T lymphocytopenia and currently is the most developed
screening method for SCID. Our ultimate goal is to transition from white blood cell pellets
to dried blood spots so this technique may be used both for diagnosis of suspected PIDD
patients and for newborn screening. While this will be challenging, we believe that with
further optimizing and improvements to the peptide enrichment process, this is a possible
goal.

In summary, we developed and validated a method to quantify proteolytic signature peptides
for BTK, WASP and CD3e allowing us to rapidly and simultaneously screen for the absence
of these proteins in various cell lines and patient WBC samples. Of note, these proteins are
either cytoplasmic or membrane bound low-abundance proteins. There are numerous
immunodeficiency disorders that are associated with decreased or absent expression of a
particular protein or absence of a specific cell subset that can be detected by absence of a
particular marker protein. Since this approach has the potential to be highly multiplexed, we
believe that it may allow for simultaneous screening for numerous conditions. With further
optimization and enrichment, this method can be ultimately applied to newborn screening
for primary immunodeficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACD Acid Citrate Dextrose

BTK Bruton’s Tyrosine Kinase

CD3 Cluster of Differentiation 3

DTT Dithiothreitol

FA Formic Acid

HLA Human Leukocyte Antigen

LC-MSMS Liquid Chromatography Tandem Mass Spectrometry
PBMC Peripheral Blood Mononuclear Cells

PIDD Primary Immunodeficiency Disorders
SCID Severe Combined Immunodeficiency

SNP Single Nucleotide Polymorphism

UPLC Ultra Performance Liquid Chromatography
WAS Wiskott-Aldrich Syndrome

WASP Wiskott-Aldrich Syndrome Protein

WBC White Blood Cell
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Clinical Implications

Signature peptides from three primary immunodeficiency disorders were observed in
proteolytically digested white blood cells. BTK, WASP, and CD3e are low abundance
transmembrane or cytoplasmic proteins, not detectable in plasma. This is the first report
demonstrating the large proteins within the WBC can be targeted for proteomic clinical
applications. Quantification of these peptides provides the basis for a multiplexed
screening and diagnostic tool. This approach can provide a testing methodology that is
viable both for newborn screening and for rapid diagnostics for severe immunodeficiency
and other congenital disorders. This will provide opportunities to identify patients early
in life and provide life-saving therapies.
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Figure 1.

A: Mass spectrum of labeled BTK 545:558. B: Tandem mass spectrum of 2+2H2*,
Abundant fragment ions are selected and optimized for MRM analysis. C: Chromatogram
and MRM spectrum for BTK 545:558 peptide. Top panel is signature peptide found in
lymphocyte cell line extract, bottom panel is the isotopically labeled internal standard.
Chromatographic peaks overlap and MRM patterns are comparable.
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Figure2.

Top: Intensity of 25 nM labeled peptide expressed as a function of total protein load.
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Bottom: Ratio of signature peptide to labeled standard is linear over a range from 1 to 50 g
protein load for all peptides and up to 100 g protein load for except WASP.
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