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Screening for Wiskott-Aldrich ,.)
syndrome by flow cytometry ‘
To the Editor:

Wiskott-Aldrich syndrome (WAS) is a rare X-linked disease
commonly associated with symptoms of immune deficiency.
A diagnosis of WAS is suspected on the basis of clinical
parameters including thrombocytopenia, eczema, recurring
infections, and autoimmunity." WAS protein (WASP) is
exclusively expressed in hematopoietic lineages. Lowered levels
are thought to be a feature of WAS.” However, the diagnostic
accuracy of flow cytometric WASP measurement has not been
determined, and optimal diagnostic cutoff values are lacking.
We therefore reviewed results from 107 individuals with
suspected WAS to calculate the diagnostic accuracy of a rapid
whole-blood flow cytometry—based assay and found it reliable
for predicting mutations in WAS.
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WASP expression levels were determined in lymphocytes
gated by CD45 versus side light scatter. A range of WASP protein
expression was seen, from normal in healthy controls to those
with reduced or poor WASP expression (Fig 1, A; see Fig E1, A-C,
in this article’s Online Repository at www.jacionline.org).
Detailed methods can be found in this article’s Online Repository
at www.jacionline.org. The age at WASP staining ranged from
1 month to 32 years with a median of 1 year.

All 58 persons with normal WAS sequence displayed WASP
expression at levels comparable to those in healthy controls
(mean staining ratio, 0.94 = 0.15) while 41 of 49 patients with
a genetic abnormality were found with reduced staining ratios
(mean staining ratio, 0.34 £ 0.28) (Mann-Whitney nonparametric
test P < .0001). We further divided the patients with genetic
abnormalities into 5 categories, that is, missense (n = 30),
insertion (n = 4), deletion (n = 8), gross deletion (n = 4), and
nonsense (n = 3) (see Fig E2, A, in this article’s Online
Repository at www.jacionline.org). Table El in this article’s
Online Repository at www.jacionline.org lists all patients in this
study. Every patient with gross deletions had poor WASP expres-
sion. Eight patients from the other mutation categories had
normal WASP staining despite having a variant in WAS. Three
of these patients carried variants of unknown clinical significance
(VUCS). Interestingly, the ¢.538C>A(p.H180N) variant (staining
ratio, 0.98) has been implicated in patients with X-linked
thrombocytopenia (SCV000053274).° It was not possible to
rule out mosaicism or the influence of maternal cells with the
available data; however, no patient included here was observed
to have bimodal WASP staining. In addition, of the 8 patients
with normal WASP expression, 3 mutations were intronic and 3
located at the C-terminus. Because the WASP antibody
recognizes an epitope in the region between aa.146-265, it may
still bind proteins bearing missense or C-terminal-truncating
mutations.”

Six patients with missense mutations displayed staining ratios
between 0.3 and 0.5. This “intermediate” staining ratio was not
observed in other mutation groups, possibly due to low sample
numbers. All missense mutations were “probably damaging” on
PolyPhen-2 except ¢.995T>C (p.V332A) (0.0, benign), a known
VUCS with a 0.84 staining ratio. Fold stability change (AAG)
predictions reported a range of slightly stabilizing to highly
destabilizing effects (Fig 1, B).”® Certain damaging mutations
might not influence the antibody epitope, leading to only slightly
reduced antibody staining. Mutations that destabilize the protein
could lead to degradation and poor detection, whereas stabilizing
mutations could hinder protein function yet display normal levels
of WASP staining. Highly accurate and reproducible staining is
crucial for establishing diagnostic cutoff estimation. To evaluate
staining consistency, we compared patients bearing similar WAS
mutations. Here, the c.167C>T (p.A56V) mutation was found
in 4 patients, ¢.356G>A (p.G119E) in 3, and c.559(+5) in 5.
Results exhibited good reproducibility (see Fig E2, B). WAS
scores were available for 28 of the 49 confirmed WAS cases
(Table E1). Scores did not strongly correlate to WASP staining
index or age of presentation (Fig 1, C; Fig E2, C and D).”*
Interestingly, patients with autoimmunity (WAS score 5) were
all low WASP expressers. No malignancies were reported in
any of the 28 patients with available scores.

From the receiver-operating characteristic curve, when all
entries were considered, a cutoff staining ratio of 0.60 returned a
sensitivity and specificity of 82.6% and 100%, respectively.
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FIG 1. WASP staining accurately diagnoses WAS. A, Wide range of WASP staining intensity highlights the
importance of assay standardization to ensure reproducible results. B, No clear genotype-phenotype
correlation. C, Poor association between WASP staining and WAS clinical score. D, Receiver-operating
characteristic curves with or without VUCS cases. E, Posttransplant whole-blood genetic chimerism levels
correlate to WASP expression. AUC, Area under the curve.

Removing 3 VUCS entries improved the sensitivity and
specificity to 89.1% and 100%, respectively (Fig 1, D). By
removing VUCS entries, the overall accuracy of the test improved
from 92.3% to 95.2%, validating the assay ability in predicting
WAS genetic abnormalities. All patients with reduced WASP
expression carried a WAS variant but patients suspicious of
WAS expressing normal WASP should not be excluded from
WAS sequencing because 8 of 49 patients (16.3%) with WAS
variants expressed normal WASP. Normal WASP level is thus
insufficient to rule out WAS.

WASP quantification is also useful for lineage-specific donor
chimerism monitoring following allogeneic hematopoietic cell
transplantation. Percent total blood genetic chimerism correlated

with specific leukocyte subset WASP chimerism in 2 patients
studied longitudinally (Fig 1, E; Fig E2, E; see Table E2 in this ar-
ticle’s Online Repository at www.jacionline.org). For each patient,
sorting lymphocyte subsets before genotyping yielded very compa-
rable specific subset genotype-phenotype results (Fig E2, F).
Future efforts to improve the accuracy of WAS screening
diagnostics could include the development of a functional assay
demonstrating defective actin remodeling during lymphocyte
polarization.” Such an assay might potentially also be useful
in diagnosing X-linked thrombocytopenia and X-linked
neutropenia, and would be especially useful for the evaluation
of potential patients with WAS with novel mutations of unknown
significance with unperturbed WASP staining. Patients with
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residual WASP function may be associated with milder clinical
phenotypes, and a functional assay that could demonstrate
lowered but not defective function in this population may allow
disease risk stratification as well as diagnosis via one assay.

In summary, we demonstrated the efficacy of a whole-blood
flow cytometry—based staining protocol as a tool to quickly
diagnose patients with WAS with up to 89% sensitivity and 100%
specificity. However, WAS diagnosis cannot be excluded in
clinically suspicious cases when WASP is present. Inclusion of
clinical markers and other possible functional assays in a
combined algorithm could improve the overall accuracy for
diagnosing WAS.
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Intestinal microbial-derived
sphingolipids are inversely
associated with childhood

food allergy

®

To the Editor:

Food allergy is a life-threatening disease that is common
and increasing in prevalence, yet the factors leading to its
development are poorly understood." Microbial composition has
been associated with risk of food al]ergy,2 and integrative
analysis of the human intestinal microbiome and metabolome
could provide insights into mechanisms of microbial-associated
pathogenic changes.3 Here, we performed a prospective, untar-
geted, integrative analysis of the intestinal bacterial microbiome
and metabolome during infancy, testing associations with the
development of clinical food allergy and sensitization to foods at
age 3 years. Our goal was to identify microbial-associated
metabolites that were associated with food allergy or sensitization.

For detailed methods, see this article’s Methods section in the
Online Repository at www.jacionline.org. Subjects were
offspring of participants in the Vitamin D Antenatal Asthma
Reduction Trial (NCT00920621),4 a multicenter randomized
controlled trial of vitamin D supplementation in pregnancy to
prevent asthma in offspring. The study protocol was approved
by the institutional review boards at each center and all
participants provided written informed consent. Food allergy
and sensitization at age 3 years were based on parental
questionnaire responses and serum specific IgE testing. Stool
samples were collected between age 3 and 6 months from
333 subjects. Microbiome composition analysis by bacterial
16S rRNA sequencing and metabolomic analysis with
ultraperformance LC/MS-MS were performed on stool samples
from 12 children with food allergy (see Table E1 in this article’s
Online Repository at www.jacionline.org), 32 with food
sensitization, and 37 controls.

Subjects were well matched on baseline characteristics, with a
few exceptions including age, solid food introduction at stool
sample collection, and asthma/recurrent wheeze at age 3 years (see
Table E2 in this article’s Online Repository at www.jacionline.org).
Of several potential determinants of the intestinal microenviron-
ment analyzed, only mode of delivery differed by phenotype,
with a higher percentage of subjects born by Cesarean section
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METHODS

Patient samples

Institutional review board approval was obtained for this study. All reported
results of WASP testing performed at the Diagnostic Inmunology Laboratory
at Cincinnati Children’s Hospital between June 2010 and October 2016 were
retrieved. After removing incomplete or repeated entries, entries with a
bimodal staining pattern in which mean channel fluorescence (MCF) cannot
be correctly determined, and selecting only for entries with completed Sanger
sequencing of WAS, 49 samples with genetically confirmed WAS mutations
and 58 samples with no apparent mutation in WAS were collected. From these
107 samples, analyses of diagnostic accuracy were performed. All but 1
sample with a mutation in WAS were male. The only female sample was a
heterozygous carrier with normal levels of WASP staining and therefore
included in the control group for analysis.

WASP staining

Whole-blood samples from patients and healthy controls were surface
stained for CD45 (BD Biosciences, La Jolla, Calif), fixed, and then
permeabilized before being incubated with anti-WASP antibody (BD Bio-
sciences, clone 5A5).5! Cells were acquired on a FACS Canto II (BD Biosci-
ences) and analyzed with FCS Express (v4, De Novo Software, Glendale,
Calif). Results were expressed as the gated lymphocyte arithmetic MCF ratio
of WASP from the patient against the lymphocyte MCF of WASP from a
freshly drawn healthy control.

In samples analyzed for posttransplant engraftment screening, additional
antibodies against CD3 (clone SK7), CD14 (MP9), CD19 (SJ25C1), and
CD56 (MY31) were added into the surface staining step. For this assay, results
were expressed as the percentage WASP-positive cells for each leukocyte
subpopulation.

Sequencing

Genomic DNA from peripheral whole blood was isolated followed by PCR-
based amplification and bidirectional Sanger sequencing (Applied Biosystems,
Foster City, Calif). Exons including intron boundaries of the WAS transcript
NM_000377.1 were captured and sequenced. Mutations in untranslated exons,
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regulatory, and further into introns were not sequenced. Large deletions
involving 1 or more whole exons were detected using comparative genomic hy-
bridization array using custom 180K array (Agilent Technologies, Inc, Santa
Clara, Calif) and CytoSure (Oxford Gene Technology, Oxfordshire, United
Kingdom). Single-nucleotide substitutions, small deletions, and insertions
were analyzed using Sequencher software (GeneCodes, Ann Arbor, Mich). Var-
iants were mapped to human genome reference sequence (hg19). Where variants
fell below 1% occurrence in frequency, they were analyzed with gnomAD data-
base (gnomad.broadinstitute.org), SIFT, MutationTaster, and PolyPhen-2 in sil-
ico predictions.”” ™ Finally, all variants were classified into pathogenic, benign,
or uncertain clinical significance (VUCS) on the basis of published evidence of
function in literature of the specific variants and American College of Medical
Genetics guidelines." In silico prediction were not concordant, suggesting the
need for improvements.

Statistics

Graphs, receiver operating characteristic curves, and accuracy calculations
were created using Prism (v7, GraphPad, La Jolla, Calif). Optimal cutoff value
was determined by the point on the receiver operating characteristic curve with
the largest sensitivity + specificity combined value.
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FIG E1. Gating protocol and WASP expression examples. Representative plots of (A) healthy control
showing normal WASP expression. B and C, Patients with WAS with varying levels of WASP staining.

Plots combined in Fig 1, A.


mailto:Image of Fig E1|eps

J ALLERGY CLIN IMMUNOL

VOLUME 142, NUMBER 1

A

WASP staining ratio

Age at presentation (mo)

WASP expression (%)

157 Square: Intronic/splice mutation
Triangle: C-terminal mutation
Gray: VUCS
v
]
[ ] v v
]
oe®
LIS ..0-
M ° °
® ®eeet® o0 %o
0.0 T T T T T T
Controls Missense Insertion Deletion Gross Nonsense
deletion
10003
100-5 ° °
; ~ .
10+ ® R?=0.0916 °
3 8 'y
b ° °
1—5 [ ]
1 ° g : °
0.1 T T T T 1
1 2 3 4 5
Clinical WAS score
Transplant patient 2
100
[ ]
80 o0 °°%e % ® o
[ J
60
40+ ° o © °
° e O [
20 °
0 T T T T T T T T T 1

Serial samples

LETTERS TO THE EDITOR 335.e3

k!
g 0.4
2
£ 0.3 %
E o
z 0.2-_% P
g 01
[o%
® 0.0t—7F——7F7
< N <
RO R v
1
0559\)( 0366 Ao
10005
5 ]
£ 1005 H
5§ 7 Re= 00148
3 ] °
5 103 e e o
3 ° °
E 1 dbe
® T X J
g 13 ® e
< 3
1 e ¢
0.1 T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25
WAS protein staining ratio
100
..®
— @
£ 80 s
= Na
2 7
@ 60 Patient 2 R
5 -
X - @
o - .
a 40 Patient 1
2
S 201
0 T T T 1
40 60 80 100

Subset specific donor genetic chimerism (%)

FIG E2. Further characterization of the WAS cohort. A, WASP staining index of 107 patients divided by
genetic findings. B, Reproducible staining results when comparing patients with similar mutations.
C and D, Poor association seen between WASP expression, WAS clinical score, and age of presentation.
E, Posttransplant patient studied longitudinally showing correlated blood genetic chimerism and WASP
levels. F, Isolated lymphocyte subsets show similar levels of genetic chimerism and WASP expression.
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TABLE E1. WASP staining, WAS genetic evaluation, and WAS scores of patients included in this study

Lowest
platelet
WASP dbSNP Mutation count = 6 mo
stain Presentation Variant frequency Taster Poly WAS of WASP Autoimmune
No. index age reported PMID (%) genomAD SIFT score Phen-2 score  sampling Eczema Infections disease
Missense/
intronic
1 0.28 10 mo c.134C>T 7753869, rs132630273 NA 0.01 Disease 1 2 8 K/mcL Mild Minor None
p-(Thr45Met) 19817875, causing
23160469
25525159
2 0.28 NA c.167C>T 7795648, rs132630269 NA 0.24 Disease 1 NA
p-(Ala56Val) 19817875, causing
25091438
3 0.38 9y c.167C>T 2 86 K/mcL Mild None None
p-(Ala56Val)
4 0.24 NA c.167C>T NA
p-(Ala56Val)
5 0.38 6y c.167C>T 3 30 K/mcL Persistent Minor None
p.(Ala56Val) but
manageable
6 0.16 NA c.193A>C NA NA NA 0.14 Polymorphism 0.990 NA
p-(Thr65Pro)
7 0.33 NA c.229G>A NA NA NA 0 Disease 0.994 NA
p-(Asp77Asn) causing
8 0.40 NA c.229G>A NA
p-(Asp77Asn)
9 0.32 NA c.231T>A NA NA NA 0 Disease 0.999 NA
p.(Asp77Glu) causing
10 0.13 1 wk c.245C>A NA NA NA 0 Disease 1 1 37 K/mcL None None None
p-(Ser82Tyr) causing
11 0.19 2y c.257G>A 8069912, rs132630268 NA 0.01 Disease 1 1 9 K/mcL Persistent None HSP
p.(Arg86His) 19817875, causing but
23160469, manageable
12 0.13 NA c.319T>A NA NA NA 0.1 Polymorphism 1 NA
p-(Tyr107Asn)
13 0.18 3 mo ¢c.356G>A 8931701, NA NA 0.34 Disease 1 5 33 K/mcL Mild Recurring ITP
p.(Gly119Glu) 19817875 causing
14 0.19 1 mo c.356G>A 5 25 K/mcL Mild Recurring ITP
p-(Gly119Glu)
15 0.17 1 mo ¢.356G>A 5 32 K/mcL Mild Recurring ITP
p.(Gly119Glu)
16 0.18 1 wk ¢.383T>C 8931701 NA NA 0.01 Disease 1 3 51 K/mcL Persistent Recurring None
p.(Phe128Ser) causing but
manageable
17 0.19 NA c.397G>A 7753869, NA NA 0.04 Disease 1 NA
p.(Glul33Lys) 19817875 causing
(Continued)
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TABLE E1. (Continued)

Lowest
platelet
WASP dbSNP Mutation count = 6 mo
stain Presentation Variant frequency Taster Poly WAS of WASP Autoimmune
No. index age reported PMID (%) genomAD SIFT score Phen-2 score  sampling Eczema Infections disease
18 0.83 NA c.463+3G>C NA NA 0.0019  Predicted loss NA
p-? at donor
site 3bp
upstream
(34.8%)
19 0.17 6 mo ¢.506-1G>C Skip of exon 2 80 K/mcL Mild Recurring None
p.? 6 is likely,
MaxEnt,
NNSPLICE,
and HSF
algorithms
predict loss
of acceptor
site (100%)
20 0.98 NA c.538C>A 20173115, NA 0.095 NA NA NA 2 180 K/mcL  None Minor None
p.(His180Asn) 24728327
21 0.17 5 mo ¢.559+5G>C NA ClinVar -Likely NA NA NA 2 21 K/mcL Mild None None
p.? pathogenic
22 0.20 4 mo ¢.559+5G>C 2 12 K/mcL Persistent Recurring None
p.? but
manageable
23 0.26 1 mo ¢.559+5G>A 9326235, ClinVar -Likely NA NA NA 5 45 K/mcL Mild Minor ITP
p.? 25525159 pathogenic
24 0.18 NA c.559+5G>A NA
p.?
25 0.14 10 mo  ¢.559+5G>A 5 34 K/mcL Mild Minor ITP
p-?
26 0.20 NA c.778-2A>G 8595430 NA NA NA NA NA NA
p-?
27 0.84 NA ¢.995T>C 17400488, 152737799 0.47 0.4 Polymorphism 0 NA
p.(Val332Ala) 22995991,
24728327,
24369837,
28 1.18 NA c.1315C>T NA NA NA 0.01 Disease 1 NA
p-(Arg439Trp) causing
(Continued)
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TABLE E1. (Continued)

WASP

stain Presentation

No. index

Variant
age reported

PMID

dbSNP
frequency
(%)

genomAD

Lowest
platelet
count = 6 mo
of WASP
sampling

Mutation
Taster
score

Poly WAS
Phen-2 score

Autoimmune

SIFT Eczema Infections disease

29 0.50

30 0.25

Gross deletion
31 0.13

32 0.15

34 0.20

3 mo

2 mo

NA c.1339-2A>G
p.?

NA c.1453G>A
p-(Asp485Asn)

Partial gene
hemizygous
deletion Exon
1-Intron 1
by array CGH
arr[hg19]
Xpl1.23
(48,533,049-48,
542,539)x0

NA Full gene

hemizygous
deletion Exon
1-Exon 12.
Confirmed

by array CGH
arr[hg19]
Xpl1.23
(48,533,302-48,
613,923)x0

NA Full gene
hemizygous
deletion Exon
1-Exon 12.
Confirmed
by array CGH
arr[hg19]
Xpl1.23
(48,533,302-48,
613,923)x0

Presumed whole
gene deletion.

Skip of exon
11 is likely.
MaxEnt,
NNSPLICE,
and HSF
algorithms
predict loss
of acceptor
site (100%)

11298372,

19817875,

RCV000
482823.1

3 14 K/mcL Persistent but None None

manageable

0 Disease 1 NA
causing
5 20 K/mcL AIHA

None Recurring

5 15 K/mcL Difficult to

control

Recurring ITP

NA

2 2 K/mcL None Minor None

(Continued)
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TABLE E1. (Continued)

Lowest
platelet
WASP dbSNP Mutation count = 6 mo
stain Presentation Variant frequency Taster Poly WAS of WASP Autoimmune
No. index age reported PMID (%) genomAD SIFT score Phen-2 score  sampling Eczema Infections disease
Insertion
35 0.93 NA c. 273(+11_+12) 1s782793722 0.46 NA NA NA NA
ins C
p.?
36 0.24 NA ¢.827_828 ins22 NA NA NA NA NA NA 2 40 K/mcL Mild Minor None
p.?
37 0.18 NA c.1271dup 8528198 NA NA NA NA NA NA
p.(Leu425Profs*70)
38 0.84 NA c.1434_1436dup NA NA NA NA NA NA
p-(Ser478dup)
Deletion
39 0.14 4 mo c.101delG NA NA NA NA NA NA 3 23 K/mcL Persistent None None
p-(Arg34Hisfs*11) but
manageable
40 0.16 4 mo ¢.107_108delTT NA NA NA NA NA NA 5 1 K/mcL Persistent Minor None
p.(Phe36X) but
manageable
41 0.20 1 wk ¢.336 delC 15284122 NA NA NA NA NA 2 16 K/mcL Mild None None
p-(Phel13Serfs*14)
42 0.14 3 mo ¢.391_407del17 NA NA NA NA NA NA 5 17 K/cmL Persistent Minor ITP, colitis
p.(Glul31Leufs*32) but
manageable
43 1.1 5 mo c.777+3_777 10737997 NA NA NA NA NA 2 5 K/mcL Mild Minor None
+6delGAGT, p.?
44 0.16 NA c.852delC NA NA NA NA NA NA NA
p.(Glu285Argfs*23)
45 0.24 4 mo c.1114_1115del NA NA NA NA NA NA 5 6 K/mcL None Life ITP, TAHA
p.(Pro372Serfs*122) threatening
46 0.20 NA c.1271delG 7753869 NA NA NA NA NA NA
p-(Gly424Alafs*21)
Nonsense
47 0.17 1 wk c.607C>T 8682510 NA NA NA NA NA 5 45 K/mcL Mild Minor Autoimmune
p-(Q203%) neutropenia
48 0.14 NA c.862A>T 21488158, NA NA NA NA NA NA
p-(Lys288%*) 25525159
49 0.80 5 mo c.1468C>T NA NA NA NA NA NA 3 18 K/mcL Persistent Minor None
p.(GIn490%) but
manageable

SIFT score [0-1]: Deleterious score <0.05, Tolerated >0.05.
PolyPhen-2 score [0-1]: Benign, 0-0.15; Probably damaging, 0.85-1.
dbSNP, Single Nucleotide Polymorphism database; genomAD, Genome Aggregation Database; NA, not available; SIFT, Sorting Intolerant from Tolerant.
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TABLE E2. Genetic chimerism and WASP-positive leukocyte subset staining in transplanted patients

Percentage of WASP-positive cells per subset

Sample Overall donor genetic
Transplant patient no. no.(chronological) chimerism T cell NK cells B cells Monocytes
1 1 86 94 87 45 62
2 60 96 76 21 31
3 41 76 73 13 27
4 47 94 74 19 22
5 99 99 100 99 99
6 100 99 100 100 100
7 98 98 100 99 100
2 1 40 66 46 54 26
2 54 68 47 57 27
3 60 73 51 63 32
4 65 78 58 68 32
5 61 79 49 68 38
6 66 80 58 75 47
7 69 81 60 72 45
8 71 79 59 73 36
9 72 84 57 75 38
10 70 82 61 74 37
11 59 82 62 72 31
12 64 86 63 78 19
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