Journal Pre-proof

Cell-based Functional IgE Assays are Superior to Conventional Allergy Tests for
Shrimp Allergy Diagnosis

Christine Y.Y. Wai, PhD, Nicki Y.H. Leung, PhD, Agnes S.Y. Leung, MBChB, Yuki
Shum, MNutDiet, Patrick S.C. Leung, PhD, Ka Hou Chu, PhD, Yat Wah Kwan, MSc,
Qun Ui Lee, MMed, Joshua S.C. Wong, MBBS, Ivan C.S. Lam, MBChB, Pui Fung
Li, BNutDiet, Kary J.Y. Xu, MPhil, Cheuk Yin Lam, BSc, Jinlyu Sun, MD, Gary W.K.
Wong, MD, Ting Fan Leung, MD, FAAAAI

PII: S2213-2198(20)30943-0
DOI: https://doi.org/10.1016/j.jaip.2020.08.057
Reference: JAIP 3106

To appearin:  The Journal of Allergy and Clinical Immunology: In Practice

Received Date: 23 May 2020
Revised Date: 9 July 2020
Accepted Date: 27 August 2020

Please cite this article as: Wai CYY, Leung NYH, Leung ASY, Shum Y, Leung PSC, Chu KH, Kwan
YW, Lee QU, Wong JSC, Lam ICS, Li PF, Xu KJY, Lam CY, Sun J, Wong GWK, Leung TF, Cell-
based Functional IgE Assays are Superior to Conventional Allergy Tests for Shrimp Allergy Diagnosis,
The Journal of Allergy and Clinical Immunology: In Practice (2020), doi: https://doi.org/10.1016/
j-jaip.2020.08.057.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Inc. on behalf of the American Academy of Allergy, Asthma & Immunology


https://doi.org/10.1016/j.jaip.2020.08.057
https://doi.org/10.1016/j.jaip.2020.08.057
https://doi.org/10.1016/j.jaip.2020.08.057

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Cell-based Functional IgE Assays are Superior to Gwentional Allergy

Tests for Shrimp Allergy Diagnosis

Christine Y.Y. Wai, PhB® Nicki Y.H. Leung, Ph3 Agnes S.Y. Leung, MBCHB Yuki
Shum, MNutDiet, Patrick S.C. Leung, PHWDKa Hou Chu, Phf) Yat Wah Kwan, MSg
Qun Ui Lee, MMe& Joshua S.C. Wong, MBBSIvan C.S. Lam, MBChB Pui Fung Li,
BNutDief* Kary J.Y. Xu, MPhif; Cheuk Yin Lam, BSt Jinlyu Sun, MD; Gary W.K. Wong,

MD? Ting Fan Leung, MD, FAAAAT™

®Department of Paediatrics, Prince of Wales Hospltaé Chinese University of Hong Kong,
Hong Kong

PHong Kong Hub of Paediatric Excellence, The Chineséversity of Hong Kong, Hong
Kong

“Division of Rheumatology, Allergy and Clinical Immalogy, University of California,
Davis, California, USA

School of Life Sciences, The Chinese Universitidohg Kong, Hong Kong

*Department of Paediatrics and Adolescent Medidir@cess Margaret Hospital and Yan
Chai Hospital, Hong Kong

'Department of Allergy and Clinical Immunology, PegiUnion Medical College Hospital,
Peking Union Medical College & Chinese Academy addital Sciences, National Clinical
Research Center for Dermatology and Immunologidak&se, Beijing Key Laboratory of
Precision Medicine for Diagnosis and Treatment dtergic Diseases, Beijing 100730,

Beijing, People’s Republic of China



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

* Correspondence:

Ting Fan Leung, Room 84043, Lui Che Woo ClinicaleBces Building, Prince of Wales

Hospital, Shatin, New Territories, Hong Kong

Email: tfleung@cuhk.edu.hk

Tel: (852) 3505 2981

CYY Wai: christineyywai@cuhk.edu.hk

NYH Leung: nyhleung@cuhk.edu.hk

ASY Leung: agnes.syl@cuhk.edu.hk

Y Shum: yuki.shum@cuhk.edu.hk

PSC Leung: psleung@ucdavis.edu

KH Chu: kahouchu@cuhk.edu.hk

YW Kwan: kwanywl@ha.org.hk

QU Lee: leequ@ha.org.hk

JSC Wong: wscl4l@ha.org.hk

ICS Lam: csivanl5@ha.org.hk

PF Li: puifungli@cuhk.edu.hk

KJY Xu: KaryXU@cuhk.edu.hk

CY Lam: 1155047711 @link.cuhk.edu.hk

JL Sun: sunjinlv@pumch.cn

GWK Wong: wingkinwong@cuhk.edu.hk




51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Declaration of funding sources:
CYY Wai was supported by the AXA Postdoctoral Febips and this project was fully
supported by Health and Medical Research Fund réeée 06170856) of HKSAR

Government.

Conflict of Interest: None

Word counts:

Abstract: 250

Manuscript text: 3557



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

ABSTRACT

Background: The diagnosis of shellfish allergy currently rel@n patient history, skin prick
test (SPT) and serum specific IgE (sIgE) quantifice These methods lack sufficient
diagnostic accuracy, while the gold standard ofl dod challenges are risky and
burdensome. Markers of reactivity and severityllgrgic reactions to shellfish will improve
clinical care of these patients.

Objectives: This study compared the diagnostic performanceSBiT, sIgE, basophil
activation test (BAT) and IgE crosslinking-induckatiferase expression (EXILE) test for
shrimp allergy.
Methods: Thirty-five subjects with documented history ofristp allergic reactions were
recruited and grouped according to results of dabnihd placebo-controlled food challenge
(DBPCFC). In addition to routine diagnostics, BAFIgw CAST) and EXILE test with
shrimp extract and tropomyosin were performed.

Results: 15/35 subjects were shrimp-allergic with pruritusticaria and itchy mouth on
DBPCFC while 20/35 were tolerant to shrimp. Troposig only accounted for 53.3% of
sensitization among subjects with challenge-proganmp allergy. BAT using shrimp
extract as stimulant showed the highest AUC valu88), Youden index (0.81), likelihood
ratio (14.73), odds ratio (104) and variable imaonde (4.27) when compared with other
assays and tropomyosin diagnosis. Results of BAjhifstantly correlated with those of
EXILE (r=0.664, P<.0001).

Conclusion: BAT is a more accurate diagnostic marker for spriaiergy than SPT and

shrimp sIgE, while EXILE test based on IgE-crodshig assay is a good alternative to BAT.
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Tropomyosin may not be the most important shrimprgén in Chinese, which warrants

further investigation to search for other majoeakens and diagnostic markers.

Highlight Box
1. Whatis already known about this topic?

Shrimp allergy is prevalent, but conventional degfic methods including SPT and
sIgE measurements have low specificity. Testing tftopomyosin improves diagnostic
accuracy for shrimp allergy in Caucasians, butlkis not been replicated among Asians.

2. What does this article add to our knowledge?

BAT has superior diagnostic performance for shrialjergy than SPT and slgE
measurement. Tropomyosin may not be the most apptepdiagnostic marker in the
Chinese population. EXILE test can be a good alttéra to BAT.

3.  How does this study impact current management gaelines?

A single step of BAT may replace SPT and sIgE ie tliagnosis of patients with

clinical history suggestive of shrimp allergy. EXiltest can be a suitable alternative with

respect to cost and sampling constraint.

Keywords:
Shrimp allergy; basophil activation test; IgE ctodsng-induced luciferase expression test;

DBPCFC; tropomyosin; CD63; CCR3
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Abbreviations used:

AUC: area under curve

BAT: basophil activation test

%CD63/anti-F&RI: ratio of the percentage of CD&Basophil stimulated by culprit allergen
to that by anti-FeRI antibody

DBPCFC: double-blind placebo-controlled food chadje
EXILE: IgE crosslinking-induced luciferase expressi
LH: likelihood ratio

NPV: negative predictive value

OR: odds ratio

PPV: positive predictive value

ROC: receiver operating characteristic

SCORAD: SCORIing Atopic Dermatitis

sIgE: specific immunoglobulin E

SPT: skin prick test
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INTRODUCTION

Shellfish is one of the most common food allergengh shrimp being the most
frequent offender causing anaphylaxis in both gediand adult populatiofisin the United
States, 2.9% of the adult population and 1.3% dfl@n suffered from shellfish allergy’.

In Europe, shrimp was one of the three commonesd falergens among adults with IgE
sensitization rate of 1.46% Shellfish was the dominant food allergen amongars
populations, with prevalence rates of shellfisleray ranging from 0.9% to 6.9%in Hong
Kong, Guangzhou and Shaoguan, the prevalence bapl® shellfish allergy as defined by
reported symptoms together with positive skin ptiegt or specific IgE (sIgE) was 1.05%,
0.18% and 0.65% respectivel\Shellfish allergy is a growing healthcare conceue to its
increasing global prevalence and low resolutiog’rat

Like other food allergies, double-blind placebo-zohed food challenge (DBPCFC) is
the gold standard for shrimp allergy diagnosis. Ewev, it is risky, labor-intensive and
expensive. Although skin prick test (SPT) and stgB aid in diagnosis, concerns about their
poor diagnostic accuracy and correlation with chhi allergic reactions limited their
application in routine patient cdr€. Therefore, there is an unmet need to identifecije
biomarkers that can accurately diagnose shrimpggiland reflect its severity.

Over the last decade, basophil activation test (BA&s been advocated as “food
challenge in test tub& This functional assay quantifies fluorometricalhe number of
activated CD63-expressing basophils in responsgiarosslinking with a given dose of the
culprit allergen. BAT has been shown to closelyrodpce patients’ clinical phenotype, and

basophil response can be a reliable biomarker Her geverity and threshold of allergic
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reaction$®® Incorporating BAT into the diagnostic workup waso shown to reduce the
need for oral food challengésNonetheless, the pitfalls of BAT include limitedndow of
sample processing and presence of non-respondepHits. Mast cell activation test
(MAT), histamine release assay (HR), passivé‘HRand a rat basophilic leukemia cell line-
based approach called IgE crosslinking-inducedfduase expression (EXILE) test were
alternative methods adopting similar machif&rin the EXILE test, a rat basophil leukemia
cell line that overexpresses humareRkreceptor and firefly luciferase reporter gené&{R
ATLS cell line) is stimulated by the culprit allerg in human serum. The degree of allergen-
IgE crosslinking was then quantified by the lucifee signafs. The area under curve (AUC)
of EXILE test correlated well with outcome of ofabd challenge$, which was reported as
a convenient and sensitive diagnostic biomarkeeéuy allergy.

To our knowledge, these cellular tests have noinbeeluated for usefulness to
diagnose shrimp allergy. This study aimed to evalaad compare the diagnostic efficacy of
SPT, slge measurement, BAT and EXILE test on shraitgrgic and tolerant subjects as

defined by DBPCFC.
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METHODS

Subjects

Patients aged 5-50 years who exhibited documenistdryn of immediate allergic
reactions within two hours of shrimp consumptionapteast two occasions over the past five
years were recruited from our three regional haspi{Prince of Wales Hospital [PWH)],
Princess Margaret Hospital and Yan Chai Hospitél). subjects underwent allergy
evaluations and DBPCFCs according to the EuroHrpwatiocol in PWH (Online Repository
Method & Fig E1), who were classified into allerggmd tolerant groups The study
protocol was approved by the Joint Chinese Unitsersi Hong Kong-New Territories East
Cluster Clinical Research Ethics Committee (2018)48d Kowloon West Research Ethics

Committee (127.12).

Allergy tests

SPT was performed with commercial shrimp extradtKAAbelld) together with 10
mg/ml histamine (positive control) and normal sal{imegative control). The concentrations
of total IgE and sIgE to shrimp (f24) and rPen é€3b1) were measured by ImmunoCAP
(ThermoFisher Scientific)ln vitro BAT was performed on fresh venous blood using Flow
CAST kit (BUHLMANN Laboratories) and predeterminazbncentrations ofPenaeus
monodon protein extract and recombinant Pen m 1 (rPen n(Fih E2). EXILE test was

performed by sensitizing the RS-ATL8 cells with @01 diluted serum, followed by
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stimulation with a pre-determined concentratiofPofmonodon protein extract or rPen nf'l

Please refer to Online Repository for details ekthassays.

Statistical analysis

GraphPad Prism (version 8.0) and SPSS (version v&&e used for graphical
presentation and statistical analyses. Differemcaguantitative variables were analyzed by
Mann-Whitney U test, and categorical data was coetpaby Fisher exact test. The
diagnostic accuracy of allergy tests was evalu@gdrea Under Curve (AUC) value on
receiver-operating characteristic (ROC). Optimatoffuvalues to identify shrimp allergy
were determined. Sensitivity, specificity, oddsadOR), likelihood ratios (LH), and positive
(PPV) and negative (NPV) predictive values werewaked using two-by-two contingency
tables, while the Youden Index was calculated eaqi§ivity + specificity -1). The random
forest method implemented in the SPSS add-on padkaidR system version 3.5 was used to
investigate the ability of each allergy test toreotly discriminate between shrimp allergic
and intolerant subjects based on the calculatedbilarimportance, in which the higher the
variable importance, the more relevant will thatiafale be for disease discrimination. To
obtain sufficiently stable variable importance msties, each forest consisted of 10,000 trees
and the unscaled variable importance was repOrt@the correlation between allergy tests

was assessed by Pearson correlafsr05 was considered as statistical significance.
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RESULTS

Subjects’ allergy status

Table | summarized the demographics, SPT and #gilts of 15 shrimp allergic and
20 shrimp tolerant subjects as defined by DBPCH&& median age of first shrimp-allergic
reaction was 5.5 (2-19) years and 7.0 (2-17) ydarsthe allergic and tolerant groups
respectively. These two groups were matched foy gereder, total IgE, other food allergies
and allergic diseases. The scores of allergic imacthat shrimp-allergic subjects developed
during DBPCFC ranged from 3 (mild reactions) tosévere reactions) (Table E1). The
majority of these subjects reported skin reactisnsh as pruritus (80.0%) and urticaria
(73.3%) as well as oral symptoms such as itchy m@&f.7%). On the other hand, all shrimp
tolerant subjects did not report any objective ersgstent and severe subjective reactions

(Table E2).

SPT and sIgE results

The shrimp allergic and tolerant groups differeghgicantly with respect to SPT wheal
(P=.0082; Fig 1A) but not the rate for positive SEPE.196, Fisher exact Test; Table I).
Neither sIgE levels nor the sensitization rateshomp and rPen a 1 at 0.35 kUA/L cutoff
differed significantly between allergic and toleramoups (Table | and Fig 1B & C). The
“optimal decision points” (i.e. highest Youden Ingléor SPT and sIgE to shrimp and rPen a

1 were determined from ROC curves (Table Il). Atofluwheal size of 4.75 mm, 9/14
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(64.3%) allergic subjects and only 1/18 tolerariject were SPT positive (P=.0006, Fisher
exact test). At a higher cut-off sIgE to shrimp0o89 kUA/L, 14/15 (93.3%) of allergic and

11/20 (55.0%) tolerant subjects were positive (BR2,0-isher exact test). Similarly, a higher
cut-off sIgE to rPen a 1 of 0.56 KUA/L differeneat shrimp allergic and tolerant subjects
(P=.027, Fisher exact test) in which 8/15 (53.3%allergic subjects and only 3/20 (15.0%)

of tolerant subjects were sIgE positive.

Basophil activation test

Our group optimized BAT to shrimp and recombinamtirap tropomyosin rPen m 1
prior to subject testing according to methods desdrin the Online Repository and Figure
E3.

Whole blood samples were collected from all shriatiprgic subjects and all except
three tolerant subjects. Of the 32 analyzed sampte® of the patients were non-responders;
all samples showed >10% CD63-expressing basophiien uanti-FERI monoclonal
antibodies stimulation. Among allergic subjectse timedian (range) %CD8&3asophil at
5,000 and 10,000 ng/mL of shrimp extract were 6{Q17-96.8) and 72.9 (0.9-94.7)
respectively (Fig 1D & E). In the tolerant grouphet respective median (range)
%CD63 basophil were 2.4 (0.2-80.3) and 4.4 (0.6-91.8)e Titer-group differences in
%CD63basophil were significant at both tested conceionat (P=.0001 and <.0001,
respectively). When stimulated with rPen m 1, thedian (range) %CD6Basophil were 3.8
(0.2-57.8) and 12.7 (0.2-61.0) in the allergic grqkig 1 F & G), and 0.8 (0-15.6) and 1.0
(0.2-38.7) among tolerant subjects at the two testencentrations. Such differences in
%CD63basophil between the allergic and tolerant grougsewalso significant at both

concentrations (P=.0472 and .0495, respectively).
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Based on the Youden Index, the optimal cutoffs#@D63 basophil were 22.1% and
38.8% at the two shrimp extract concentrations eetsypely (Table 1l). At these cutoffs,
13/15 (86.7%) shrimp allergic subjects were BATipes but only 1/17 tolerant subject
showed positive results (P<.0001, Fisher exact Tedile 11). Using 5,000 ng/mL and 10,000
ng/mL rPen m 1 as stimulants for BAT, the respectiptimal cutoffs were 16.1% and 9.0%
(Table II). BAT positivity was detected in 7/15 (486) allergic subjects while negative BAT

was found on all tolerant subjects at 5,000 ng/@Pé&nrm 1 (P=.0019, Fisher exact test; Table

).

EXILE test

Serum samples from all shrimp allergic and tolersmbjects were analyzed under
optimized condition described in methods of the i@nlRepository and Fig E3. At 100
ng/mL of shrimp extract, the median (range) foldrdes of luciferase expression were 1.8
(1.2-2.6) and 1.0 (0.2-2.5) in the allergic anataht groups respectively (P=.0002; Fig 1H).
However, the fold changes induced by the same cdrat®n of rPen m 1 did not differ
between the two groups (P=.6848; Fig 11). BAT adLE, both analyzed the degree of IgE
cross-linking, showed significant correlation byaPs®n testrE.664, P<.0001). From ROC
curve, the optimal cutoff for EXILE with shrimp e&tt was a fold increase of 1.1 (Table II).
All shrimp allergic and 6/20 (30.0%) of toleranbgects were positive (P<.0001, Fisher exact
test). On the other hand, at the optimal cutofff®en m 1 at fold increase of 1.2, 8/15
(53.3%) allergic subjects and 50% of tolerant stiigjavere positive (P>.999, Fisher exact

test; Table II).

Diagnostic performance of different allergy tests
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We only analyzed allergy tests that showed sigaifidifferences in positivity between
allergic and tolerant groups. Accordingly, we exidd conventional tests of SPT at 3 mm
cutoff, slgE to shrimp and rPen a 1 at 0.35 kUAUtoéf points, and rPen m 1-EXILE (Fisher
exact test P>.05; Table II).

Among remaining tests, shrimp-BAT had the highestuden Index (0.81) with
sensitivity and specificity of 0.87 and 0.94 regpety regardless of stimulant concentrations
(Table II). This test also showed the highest Lidor§14.73), high PPV (0.93) and NPV
(0.89). Despite having the highest sensitivity 0}, &hrimp-EXILE had lower Youden Index
(0.7) and a much lower LH ratio (3.33). For SPT4at5 mm wheal cutoff, it had a low
Youden Index (0.58) but comparable specificity 40,9PPV (0.90) and LH ratio (11.57) to
shrimp-BAT.

The ability of allergy tests to discriminate betwesdlergic and tolerant subjects were
then compared by AUC values, OR and variable ingpae from random forest method
(Table 1l, Fig 2 & 3). Shrimp-BAT at both conceritoms had the highest AUC values (0.87
and 0.88 respectively), OR (104) and variable irtgpare (3.20 and 4.27 respectively). These
results indicated that BAT, particularly with 10000g/mL shrimp extract as stimulant, was
the best method to diagnose shrimp allergy. Despiteparable AUC value (0.85), shrimp-
EXILE had much lower OR (69.2) and variable impoda (2.59). SPT at 4.75 mm cutoff
had weak discriminative power (AUC value 0.77, O&R63and variable importance 1.82),
and the discriminative power was even weaker fowveational slgE measurements at 0.89

kUAJ/L (shrimp extract) and 0.56 kUA/L (rPen m 1)tafis (Table Il, Fig 2 & 3).

Diagnostic algorithm for shrimp allergy
Given the good diagnostic accuracy of shrimp-BATd asomparable accuracy of

shrimp-EXILE, we analyzed if single step tests waither SPT (at 3 mm wheal cutoff),
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shrimp sIgE #0.35 kUA/L), shrimp-BAT £38.1% CD63 basophil response) and shrimp-
EXILE (fold change> 1.1) would predict DBPCFC outcomes (Fig 4A). O56/6% of SPT-
positive subjects and 61.9% of sIgE-positive subjeeacted during shrimp DBPCFC.
Shrimp-EXILE performed slightly better that 70%stirimp-EXILE-positive subjects reacted
during shrimp DBPCFC. By contrast, 12/13 (92.3%ligmds with positive BAT reacted in
DBPCFC while 14/16 (87.5%) patients with negativ&TBesults passed DBPCFC. We also
compared algorithms with sequential use of diffeadlergy tests (Fig 4B). Because SPT was
widely used in clinical practice, we chose thig@jly test as the first step in both algorithms.
For algorithm with SPT followed by shrimp-sigE, 12/(70.6%) patients with positive tests
reacted during DBPCFC whereas five (29.4%) subjeet® tolerant. This workflow showed
acceptable sensitivity but only 0.29 specificitpr Ralgorithm with SPT followed by shrimp-
EXILE, 13/16 (81.3%) patients with positive SPT astdimp-EXILE reacted in DBPCFC.
The algorithm showed higher sensitivity and speitifi (0.40) than that of sequential SPT
and sIgE. By contrast, 12/13 (92.3%) patients pitkitive SPT and shrimp-BAT reacted in
DBPCFC. This stepwise algorithm with SPT followedBAT had the best sensitivity (0.92)
and specificity (0.83). However, this stepwise @agh did not improve the overall

diagnostic accuracy when compared with the singlenp-BAT approach.



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

16

DISCUSSION

This study demonstrated that standard assessmehbasefor shrimp sensitization
could not accurately identify shrimp allergy. Ouatal indicated that basophil parameters
were possible biomarkers of the clinical outcomeatfents with shrimp allergy.

While DBPCFC remains the gold standard diagnosoagl fallergy, the clinical utility
is limited by the cost and safety considerationscukate alternative diagnostic methods are
therefore important to circumvent the need for éwall challenges. SPT and measurement of
sIgE levels to shrimp extract remain the standérdcal procedures for helping to diagnose
shrimp allergy. From our data, SPT is a more ad¢eyveedictor of shrimp allergy compared
with shrimp sIgE that is also similarly reportedr feesame allerd§. Our study also
corroborated with published studies that SPT agé& $¢vels had high sensitivity of >90%
but low specificity of 28% (SPT) and 35% (shrimgEs) at the standard cutoff points, as well

as low AUC values that indicate their low diagnogtbwer to shrimp allergy °
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IgE crosslinking assays were shown to closely rédenhe clinical phenotype of food

32728 35 these

allergic patients and reflect the severity and gshoéd of allergic reaction
tests took into account the levels, specificityedsity and affinity of allergen-specific IgE as
well as possible interference by other allergercsigeantibodies such as IgG4. This type of
assays involved liquid phase rather than immoldliakkergens as in ImmunoCAP test, so the
former would more closely reflect the physiologig#kraction between allergens and iJE
Implementation of BAT in cow’s milk allergy diagneswas reported to reduce 30-40% of
oral food challengés However, BAT assay has intrinsic disadvantagesnoéll window
period (4-24 hours) for sample processing aftelecbbn, presence of non-releaser basophils,
and high operational cd& With the possibility to overcome these obstaclkes; data
showed that EXILE test significantly correlated IwiBAT results. EXILE could also
discriminate between shrimp allergic and tolerartijects with comparable sensitivity and
AUC value to BAT. A single step shrimp-EXILE anab/sould already improve diagnostic
accuracy comparing to conventional allergy testhss SPT and sIgE measurement. EXILE
test may thus be a suitable alternative to BATeinms of providing a cheaper option and
when fresh blood samples and flow cytometric faesi are not available. This test also
allows longer time from blood sampling to testireghuse EXILE is done on archived serum
instead of viable cells as required by BAT. Howevkis noteworthy that BAT remained
superior as a diagnostic test with the highest ¥oudhdex (i.e. high sensitivity and
specificity) and much higher LH ratio, OR and vhl@aimportance measure compared to
EXILE and other allergy tests. This discrepancwtisibuted to the functional heterogeneity
of basophils and existence of different allergicnifesstations among different subjects that
cannot be reflected from an engineered cell lireglus EXILE test.

We demonstrated herein, for the first time, thaffBA shrimp was the most accurate in

diagnosing shrimp allergy in challenge-confirmedigrgs. Our data demonstrated that in
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contrast to ImmunoCAP tests that only consider stgBcentrations, BAT using shrimp
extract as stimulant was able to discriminate @ilbergic patients from a pool of individuals
positive for shrimp-sigE. This reflects the funci@ nature of BAT that takes into account
both the affinity of sIgE and presence and leve$igE. The discriminative performance of
BAT for shrimp allergy diagnosis was equivalenttiose for sesame and peanut allergies,
with AUC values being 0.88 in our analysis and O&td 0.97 for the latter foods
respectively’ 2 Our study and other publications also similatipwed higher sensitivity
and specificity of BAT over conventional allergyste. On the other hand, our findings
demonstrated that even a single diagnostic stephimg shrimp-BAT could significantly
improve the diagnostic accuracy for shrimp allergpwever, the diagnostic accuracy was
comparable between a single diagnostic step withmphBAT and when adding basophil
response as a second diagnostic step to all patthh a positive SPT. Nevertheless, our
algorithm clearly illustrated the incomparable distnative ability of shrimp-BAT as both a
rule-in and rule-out test. Our study thus setsstlage for more accurate diagnosis of shrimp
allergy and reduction in use of oral food challesige

Other studies suggested that measuring tropomydgih-level could better predict
clinical reactivity to shrimp, with independent dies reporting >90% NPV with this
parametet *° Although measuring rPen a 1-sIgE levels genemgsecificity of 85% at 0.56
KUA/L decision point in this study, only 8/15 (5%63 of our shrimp-allergic patients were
tropomyosin sIgE-positive when compared with thiogd&ascal et al. (82.8%) and Yang et al.
(71.4%}§% 2> Although the utilization of shrimp extract-basBAT significantly improved
the diagnostic accuracy comparing to ImmunoCAPwas$t shrimp extract, both allergy tests
with shrimp tropomyosin only presented comparabkrfqggmance (i.e. unremarkable
differences in diagnostic properties including AW@lues, sensitivity, specificity, LH ratio

and variable importance). Consistently, only 7/h%irsp-allergic subjects showed positive
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basophil response to rPen m 1 at both tested ctatens. Taking together the relatively
low IgE sensitization rate to shrimp tropomyosimitarly reported in Thai (34.2%) and

Japanese (37%)*! it is possible that tropomyosin might not be thajor allergen in Asians.

This finding challenged the suitability of troponsyo as a diagnostic biomarker in these
populations.

We noted that both the concentrations of proteinaek used and the optimal decision
point detected in this study were higher than pB& studies in which up to 1,000 ng/mL
allergen extract was often adopted with cutoff poinf 4.78%-17%. However, these
differences might be due to the fact that peanndisteee nuts had higher basophil activation
levels than other allergetfsHowever, we would like to emphasize that our B#sBEay could
accurately differentiate shrimp allergic from talet individuals with high sensitivity and
specificity. Considering that our BAT was performading commercial kit with shrimp
extract and recombinant allergen being preparedtéydardized methods, it would not be
difficult for allergy groups in other populations establish this diagnostic allergy test for
shrimp allergy.

BAT results could indeed be interpreted by the hlsopercentage of activated
basophils, ratio of %CD63 basophil stimulated by allergen to that by anE-lg
(%CD63/anti-F&RI), basophil threshold sensitivity (CD-sens) afféaive dose at 50% of
maximum dose response (ECH50)Santos et al. reported that %CDB®Iti-FERI was the
best basophil marker for predicting symptom seyeéritpeanut allergy. In contrary to their
report, we did not detect an improved diagnosticfgpmance when BAT results were
interpreted as %CD6&nti-FERI when compared to absolute percentage; with edus
values, Youden Indices, PPV, NPV and LH (data maiws1). This might be attributed to

similar basophil responses between shrimp alleegid tolerant subjects upon anti-IgE
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stimulation, which was different from findings imigr report§®. However, this study had not
investigated the underlying mechanism behind tliferénce.

This study had several limitations. The EC50 valard CD-sens of BAT were not
assessed due to the lack of CD63 dose-responsee darvall tested samples. Only
tropomyosin, being the major shrimp allergen inlgled studies, was analyzed in this study
while a number of other clinically important alleric components were identifféd Our
findings revealed that tropomyosin only contributed’50% of all shrimp sensitization
among allergic subjects. Thus, further studies Ehawestigate shrimp allergy diagnosis
using other allergens, such as sarcoplasmic calbinading protein and myosin light chain
that are associated with clinical reactivity to istr as well as arginine kinase and
hemocyanin that denote cross-reactivity with trogosirt>. While BAT with shrimp extract
may be a robust test, our present study only coeaptire magnitude of parameters such as
AUC values and Youden indexes without making siaiscomparison. Besides, our sample
size calculation suggested that 30 participantslavaliow us to compare AUC values 0.7-
0.9 for different diagnostic tests (see Online RB#poy Text). Nonetheless, this number
might still be insufficient for other diagnostic rameters. Future studies need to recruit a
larger sample size and test for more shrimp allesge the diagnostic algorithms with
conventional tests and cell-based functional Igéags for shrimp allergy.

In conclusion, this is the first study to evalutte diagnostic utility of BAT in shrimp
allergic patients as defined by DBPCFC. Our resdémonstrate the superior diagnostic
accuracy of BAT over conventional allergy testsrtker studies are needed to test the
combinatorial approach of BAT with other shrimpeaflens in the component-resolved
diagnosis for shrimp allergy as well as the optimgorithm with different biomarkers that

can minimize the need for oral food challenges.
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FIGURE LEGENDS

FIG 1. SPT, sIg, BAT and EXILE responses of shrimp gllerand tolerant subjects.
Individual data points with median (line) are prasel. Differences in the responses between
two groups were assessed by Mann-Whitney U testd Bace indicates statistically

significant difference.

FIG 2. ROC curves plotting the proportion of the truesaic and tolerant subjects. The
curve for each type of allergy test (SPT, BAT usth00 and 10,000 ng/mL of shrimp
extract or 5,000 ng/mL of rPen m 1, as well as BXikest using shrimp extract) is depicted

by a different color. AUC values (95% CI) are shown
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FIG 3. Variable importance plot. High positive values aéan decrease in accuracy mean a
higher variable importance, whereas the small pesitalues indicate a variable that is less

relevant for discrimination.

FIG 4. Stepwise diagnostic approach for shrimp allergy. $chematic diagrams depicting
single-step approach for the diagnosis of shringr@y. (B) Schematic diagrams depicting
two-step approach with the complementary utilitys&fT and sIgE level to shrimp, SPT and
shrimp-EXIlE, as well as SPT and shrimp-BAT. Cut-pbints for SPT, shrimp-sigE,
shrimp-EXILE and shrimp-BAT are3 mm wheal sizez0.35 kUA/L, >1.1 fold change and

38.8%), respectively.



TABLES

Table | Characteristics of study participants

Demographic Features Allergic Group Tolerant Group P-value
N 15 20 /
Gender: male, % (number) 66.7 (10) 45.0 (9) 0.306"
Age (year): median [range] 25.0 [5-44] 30.5 [9-49] 0.443"
Total IgE (kIU/L): median [range] 386 [25.9-2781] 464 [44.8-4081] 0.705"
Other food allergies: % (number) 60.0 (9) 30.0 (6) 0.097"
Eczema: % (number) 80.0 (12) 65.0 (13) 0.458"
Asthma/allergic Rhinitis: % (number) 66.7 (10) 40.0 (8) 0.176"
Age of shrimp allergy onset (year): median [range] 5.5[2-19] 7.0 [2-17] 0.821"
History of shrimp allergy + + /
DBPCFC + - /
SPT

Wheal size (mm): median [range] 5.5[0-12] 3.3[0-5] 0.0082"
Sensitization rate: % (number) 92.8 (13/14) 72.2 (13/18) 0.196"
sIgE to shrimp

Level (KUA/L): median [range] 2.28 [0.24-33.2] 1.71[0.01-11.1] 0.122"
Sensitization rate: % (number) 93.3(14) 65.0 (13) 0.101"
slgetorPenal

Level (KUA/L): median [range] 0.65 [0-24.5] 0.01 [0-7.04] 0.097"
Sensitization rate: % (number) 53.3(8) 20 (4) 0.071"

Values are show as percentages (number) or median [range]. Statistical differences were assessed by Fisher exact
test for categorial data () and Mann-Whitney U test for quantitative variables (#). Bold face indicates statistically
significant difference. “+”, positive; “-“, negative; DBPCFC, double-blind placebo-controlled food challenge; SPT, skin

prick test;

slgE,

specific

IgE.



Table Il Properties of SPT, ImnmunoCAP, BAT and EXiL

E test as diagnostic tests for challenge-confirmed

shrimp allergy

P-value by ' T
Allergy Test Fisher AUC Odds Ratio Cut-off Sensitivity Specificity Tr? duedf?\li PPV NPV L'kfggg()d
Exact Test
5.00 0.93 0.28 0.50 0.83
- 0.196 0.77 [0.51-48.9] 3.0 mm [0.66-1.00]  [0.10-0.53] 0.22 [0.30-0.70]  [0.36-1.00] 1.29
[0.59-0.95] 30.6 . 0.64 0.94 0.90 0.77
0.001 [3.09-303.4] 47omm [0.35-0.87]  [0.73-1.00] 0.58 [0.56-1.00]  [0.55-0.92] 11.57
7.53 0.35 0.52 0.88
oE 10 shi 0.101 0.66 [0.81-60.9] 035 KUAL 0.93 [0.15-0.59] 0.28 [0.32-0.71]  [0.47-1.00] 1.44
S1g= o shrmp 0.022 [0.47-0.84] 11.5 0.89 KUA/L* [0.68-1.00] 0.45 0.38 0.56 0.90 1.70
' [1.25-104.6] [0.23-0.68] ' [0.35-75.6]  [0.56-1.00] '
457 0.53 0.80 0.67 0.70
OE 0 rPen a 1 0.071 0.67 [1.03-204] OSSKUAL — 1557079]  [0.56-0.94] 0.33 [0.35-0.90]  [0.47-0.87] 2.67
Sig O rrken a
[0.48-0.85] 6.49 . 0.53 0.85 0.73 0.71
0.027 [1.39-26.2] OSOKUALY 15300075]  [0.64-0.95] 0.38 [0.43-0.90]  [0.51-0.85] 3.56
BAT to shrimp 0.87 22 104*
(5,000 ng/ml) <0.001 [0.74-1.00] 104 0.87 0.94 0.61 0.93 0.89 14.73
BAT to shrimp ' 0.88 [8.46-1279] N cocs [0.60-0.98]  [0.71-1.00] ' [0.66-1.00]  [0.65-0.99] '
(10,000 ng/ml) [0.74-1.00] o7
BAT to rPenm 1 0.71 30.9 o 1.00 1.00 0.68 #
(5,000 ng/ml) 0.002 [0.52-0.89]  [1.57-606.8] 16.1% 0.47 [0.80-1.00 0.47 [0.59-1.00]  [0.47-0.85] NA
BAT to rPen m 1 0.70 6.56 - [0.21-0.73] 0.88 0.78 0.65
(10,000 ng/ml) 0049 1052-0.89]  [1.10-39.3] 9.0% 0.64-0.99] %% [040-097] [0.43-0.84] 3.97
. . 0.85 69.2 . 1.00 0.70 0.71 1.00
EXILE to shrimp <0.001 [0.72-0.98]  [3.57-1340] L1FC [0.78-1.00]  [0.46-0.88] 0.70 [0.48-0.89]  [0.77-1.00] 3.33
. 0.54 1.14 . 0.53 0.50 0.44 0.59
EXILEtorPenm 1 20999 1035.0.74] [0.27-4.04 12FC [0.30-0.75]  [0.30-0.70] 0.03 [0.25-0.66]  [0.36-0.78] 1.07

Values are shown 95% CI. Odds ratio, sensitivity, specificity, Youden Index, PPV, NPV and likelihood ratio were determined from the two-by-two contingency
table. Boldface indicates statistically significant difference. AUC, area under curve; PPV, positive predictive value; NPV, negative predictive value; SPT, skin
prick test; BAT, basophil activation test; EXILE, IgE crosslinking-induced luciferase expression; NA, data not available. * Optimal cutoff point as determined by
the ROC curve based on the highest Youden Index calculated as (sensitivity + specificity - 1). * NA: Likelihood ratio for BAT assay using rPen m 1 (5,000
ng/mL) could not be determined from two-by-two contingency table.
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