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Short summary: Cow’s milk allergy (CMA) is increasing in prevalee, affecting
approximately 4% of children. Cow’s milk (CM) iscammon cause of fatal/ near fatal
anaphylactic reactions. Understanding of CM-spe@iD4+ T-cells responses to milk allergens
should help elucidate the pathological mechanishpesistent CMA. Milk allergen epitopes
specific T-cells were examined in CMA subjects.derencies and phenotypes of these T-cells

were found to be different between older and yousgbjects.
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To the Editor:

Cow's Milk Allergy (CMA) is the most common food latgy in childre’, approximately 42% of
children can outgrow their CMA by 8 years of &géNhey B-lactoglobulin the most abundant) and
casein proteins are the major milk allergéfis The composite allergen casein consists of several
isoforms: asl-casein,ag2-casein, B-casein andk-caseif. IgE sensitization is particularly frequent
againstasl-casein, inducing strong immediate or delayedrgittereactions. Previous studies have
shown that patients with persistent CMA showed lgi&ctivity to epitopes from the casein group,
specifically to asl-casein, as compared to patients who developetcalitolerance®. Thus, we
hypothesized that patients with persistent, IgE iated CMA may have abnormal T-cell responses to
casein. Additionally, little is known about spéciT-cell responses toward these allergens in aduid

children with CMA and non-allergic subjects.

A total of 26 allergic subjects, including 18 CMeagic subjects >8 years of age and 8 CM allergic
subjects<8 years of age with persistent CMA (including selgethat are tolerant to baked milk products
(n=8)) were recruited for this study (see Methoa@stisn in this article’s Online Repository at
www.jacionline.org). Characteristics of the retedi milk-allergic subjects are shownTable EL 18
HLA-matched subjects including 13 non-atopic coingabjects, and 5 patients with peanut or walnut
allergy without milk allergy were recruited as amhtsubjects Table E1). Tetramer-guided epitope
mapping approach was utilized to identify Bos desfi@CD4" T-cell epitopes. A total of 23 epitopes
were identified: 3-lactoglobulin-, 5asl-casein-(including 4 previously identifi&), 3 as2-casein-, §-
casein- and 4-casein-T-cell epitopes (séég E1 and Table E2 for HLA-restriction information and
epitope specificity between cohorts in this artgl®nline Repository at www.jacionline.org). Sevan

the current identified epitopes have been previoreghorted in IEDB.

The anti-phycoerythrin (PE) magnetic bead tetraemeichment approach was utilized to determine the

frequencies of Bos d-specific T celx vivo. Bos d epitope-specific memory (CD45RAD4T-cells
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were detected in high frequencies in allergic stutbjewhile lower frequencies were observed in non-
allergic subjectsHig 1A and 1B). A significant difference in frequencies of Bospkcific cells between
CM allergic subjects >8 years of age and childt8ryears of age with CMA was observédg 1A and

B). Regarding each allergen individualBtactoglobulin,asl-caseinas2-casein3-casein and-casein-
epitope specific memory T cells responses werectedein 6/23(26%), 13/23(57%), 7/23(30%),
11/23(48%) and 4/23(17%) of CMA subjects, whilepasses for subjects8 years of age were 0/7 (0%),
4/7(57%), 1/7(14%), 3/7(42%) and 0/7(0%) and fobjscts >8 years were 6/16(38%), 9/16(56%),
6/16(38%), 8/16(50%) and 4/16(25%) respectivelysgomses for subjects with baked milk tolerance
were 3/7(43%), 4/7(57%), 3/7(43%), 2/7(29%) and14%) and for subjects with baked milk intolerance
were 3/16(19%), 9/16(56%), 4/16(25%), 9/16(56%) aldb(19%) respectively. These results show that
asl-casein ang3-casein responses were the most prevalent Bos aifisp€ cell responses in CMA
subjects and suggest a possibility of epitope slimgain older subjects as well as differential ik
recognition between the baked milk sensitized aedtked milk tolerance subjects. CD154 upregulatio
assay was also used to examine the overall T-espanses towards these allergens in 8 of 26 milk
allergic subjects. Strongsl-casein-specific responses were also observefirraorg our MHC class |l
tetramer staining (sefeig E2 in this article’s Online Repository at www.jaciom.org). In total, these
results suggested that majority of milk-specific 00 cell responses in CMA subjects were directed
againstasl-casein ang-casein. The current data is also in agreement avithevious study that showed

frequency of casein-specific T cells was higheEMA compared to non-CMA childréh

Chemokine receptor and differentiation marker esgign of Bos d-specific T-cells was analyzedeky
vivo tetramer staining of PBMOF{g 1C, 1D and 1B. Detectable Bos d-specific CO®-cells in allergic
subjects were CCR4 suggesting a {2 phenotype. In addition, CRTH2and CD27 T cells were
observed Fig 1C and 1D, which indicates a terminally differentiateg2lphenotyp®. CCR4 T cells
that co-expressed CCR6 and Integpinh were also observed in subjects with CMA and wei@e

common in childrer<8 years of age than older subjects with persisBMA, suggesting that a sub-
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population of these cells account for gl T-like responserig E3A & B). CCR6CRTHZ T-cells were

detected but to a lesser degré&ég(E3C and D). However, we did not observe differences between
allergic adults and children for these populatio®n the other hand, higher CCR7 and CXCR3
expressionKig 1C and 1B were observed in subjects >8 years of age. Tasepce of more CXCR3

and CCR7 milk specific cells imply T1 and Tey (central memory T cells as defined by expressibn o
CD27 and CCRY7) milk specific cells are more comrmoM allergic subjects >8 years of age than in
children<8 years of age with CMA. .No difference in frequiescand phenotypes amongst subjects with

baked milk tolerance or intolerance was observeatgDot shown).

The CD154 upregulation assay was used to analygzeytokine profiles of Bos d specific T-cellBi
2A). In subjects with CMA, a dominantyZ response was observed, which accounted for 58%aeof
overall responseF{g 2B). Amongst the 2 cytokine producers, cells can be classified ihtet
producers (3%), IL-4/1L-13 (44%) producers, and4llL-5/IL-13 (11%) producers. We did not detect
cells that produced IL-5 or IL-13 alone. Intereghin a subdominant R/Ty1l7 response was also
observed, which accounted for 27%% of the overaltell response Hig 2B). Amongst IL-17A
producers, cells can be classified into IL-17A progrs (4%), IL-4/IL-17A producers (2%) and IL-4/IL-
13/IL-17A producers (21%). Interestingly, higheoportions of IL-4/IL-5/IL-13 producers (30%) and
IL-4 producers (33%) were detected in CM allergibjects >8 years of ag€if§ 2C), in contrast higher
proportions of IL-4/IL-13/IL-17A producers (61%) veedetected in childrer8 years of ageHig 2C).
There was no difference in the cytokines profilebaked milk tolerant and intolerant subjects (Dada
shown). Conversely, T-cells from non-allergic selbgeproduced IFN5 IL-10, or both, with low IL-17A
(Fig 2A and 2B). These results confirmed the observe@ Bnd T,2/Ty17 phenotypes in ousx vivo
experiments and our previous studies that thesagbyyges could be a potential trademark in food

allergy®.

The current study implicates an important role okRl-specific T-cell responses in the persisterice o

CMA. In older children and adults with CMA, a conited T;2 response was observelid. 2B,
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IL4/IL5/IL13 triple cytokine producers). On the ethhand, in younger children with CMA,2/T 17
responses were more prevalent, suggesting that fheell populations are not fully committed inteet
T2 phenotype and could explain loss of CMA in younggldren. Moreover, dy are less susceptible
to deletion by allergen specific imnmunotherapy imarine modéf). Accumulation of CCRTD27" Bos
d-epitope-specific T cells €l in adults might be indicative of CMA persisterered also complicate
possible oral immunotherapy for CMA. Knowledge @f1-epitope-specific T-cell responses will be

useful in devising novel strategies to halt andereg the progression of CMA.
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Figure 1. Frequency and phenotype of Bos d-epitope-specifid'CT-cells. A, Frequencies of Bos d-
epitope-specific CD45RED4 T-cells in subjects with and without CMA, Comparison of Bos d-
specific CD4T-cell frequency for each epitope described (daiatpbetween milk allergic (n=23; filled
squares) and non-allergic subjects (n=13; openebes); and adults, teenagers and children >8 yadrs
(n=16; triangles) and childre8 years old (n=7; downside triangles) with CM2&,. PBMC from a non-
allergic and allergic subjects were stained withlfteled DRB1*10:01/Bos d;8.1sstetramers and a
panel of antibodies. The percentages of memorydBsecific T cells that expressed the surface marker
of interest are as indicated, Phenotype of Bos d-specific T-cells in allergic arah-allergic subjects
and inE. CMA >8 years old and CMA childrerB8 years old. Symbols in D ariflare identical to those
used inB. A Student test was used in the statistical analysi<@.05, **P<0.01, ***P<0.001, NS. Not

significant.

Figure 2. Cytokine profiles of Bos d-reactive T-cells, First row, Cytokine profile in a DRB1*01:01
non-allergic subjectSecond row, Cytokine profile in a DRB1*01:01 allergic adulthird row, Cytokine
profile in a DRB1*01:01 allergic child. The percages of memory CD15480s d-reactive cytokine
producing T-cells are as indicatd®l. and C, Cytokine profiles of Bos d-reactive T-cells in raltergic
(n=13) and allergic subjects (n=21), and betweartsdeenagers and children >8 (n=14) and children
8 years of age (n=7) with CMA. Data are presentetha mean frequency of cytokine producing T-cells

from each group in pie charts.
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METHODS
Human Subjects

Subjects were recruited from the Virginia Mason MatCenter Allergy Clinic and Benaroya
Research Institute with informed consent and imstihal review board approval (IRB title

“Allergen and T-cell reagent resources for the gtod allergic diseases”; approval number
IRB7109). A total of 26 subjects with a documentedord of milk allergy and a positive

ImmunoCAP score for milk extract (>0.35 kU/L) (PradB, Uppsala, Sweden), were recruited
for this study. All patients had onset of cow mallkergy in infancy, typically with first known

exposure to cow milk with symptoms consisting tgflic of urticaria and gastrointestinal
discomfort and vomiting. Diagnosis of cow milketly was made by specific IgE testing to
cow milk, either skin prick testing or serum IgEtiag and history of presentation of clinical
symptoms. Most recent serum cow milk specific lg#els are shown ifiable E1. 18 patients

(12 > 8-year-old and 6 < 8-year-old) do not tolerahy form of milk and 8 patients (6> 8-year-
old and 2 < 8-year-old) tolerate baked form of nptktein. Patients with baked milk intolerance
had either accidental ingestion- induced symptomfaited challenge to baked milk. The 8
patients tolerating baked milk had accidental itigasof fresh milk -induced symptoms, but

passed a baked milk challenge.

13 non-atopic and 5 atopic subjects with no clihggamptoms to milk, a negative ImmunoCAP
score and HLA(Human histocompatibility leukocytetigen)-matched were also recruited as
controls for this study. The features of these ettisjare shown ifiable E1. DNA samples were
HLA-typed using Dynal Unitra}® SSP Kits (Invitrogen, Carlsbad, CA) according e t

manufacturer’s instructions.
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Tetramer guided epitope mapping (TGEM)

Peptide libraries were generated base@-tactoglobulin,asl-caseinas2-casein-casein and
K-casein sequences. The libraries consisted of apmeirig peptides spanning the entire allergen,
which were 20 amino acids in length with a 12 améoead overlap synthetized by Mimotopes
(Clayton, Australia). Peptide-loaded HLA-DR and HIDX) proteins were generated, as
previously describéd 2. The tetramer-guided epitope-mapping procedure seasiucted as
previously describeff®. Briefly, PBMC from CMA subjects were stimulatear £2 weeks with
pool peptides which consisted of 5 overlapping ot spanning the entire allergen. After 2
weeks, PBMC were screened with pMHC-II tetrameisdéndl with the pool of peptides that
corresponded to the stimulated well, those witlositive signal were re-screened again but this

time with pMHC-II tetramers loaded with single peps.

Ex-vivo analysis of milk-specific CD4" T-cells

CD154 detection assay was carried out as previouslyritiest®?. Briefly, for detection of
CD154-reactive T-cells, 15-35 million of freshly isoldtePBMC (at 7 x 10 cells/mL) in
culture medium (RPMI 1640 (Gibco) + 10% pooled honmserum + 1% PenStrep) were
stimulated with 5pug/mL of synthesized peptide pdalsa final concentration of 47.5 uM for
Bos d 5, 60 uM for Bos d 9, 62.5 uM for Bos d 1P,56uM for Bos d 11 and 50 uM for Bos d
12), and 1 pg/ml anti-CD40 (Miltenyi Biotec, Aubur@A) for 3 hours (for frequencygnd 6
hours (for ICS)at 37°C. Cells were also mock stimulated with DM@M5% final concentration)

as negative control. After stimulation, cells westained with PE (phycoerythrin)-conjugated
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CD154 (Miltenyi Biotec, Auburn, CA) and labeled wianti-PE magnetic beads (Miltenyi
Biotec, Auburn, CA) for 20 minutes at 4°C. A 1/1fd@ction of cells was saved for analysis. The
other fraction was passed through a Miltenyi magrailumn; magnetically enriched cells were
next stained with a panel of antibodies of intefest20 minutes at room temperature. After
staining, cells were stained again with Via-prot®D BiosciencesEast Rutherford, NJ) for 10
minutes at 4°C before flow-cytometry. Data acqiositvas performed using a FACSCanto flow
cytometer and data were analyzed utilizing FlowDe¢ Star, Ashland, Ore). Frequency was
calculated as previously described for tetrameryai®a®®. Ex vivo analysis with pMHC-II

(Peptide/MHC class Il) tetramers was carried oytrasiously describeff®.

Intracellular cytokine staining

For ex-vivo intracellular cytokine staining (ICS) combined D154 activation assay, BD GolgiSttp
was added during stimulation (BD biosciences, Bagherford, NJ) according to the manufacturer’s
instructions. After 10 minutes at room temperatucells were then fixed with fixation buffer
(eBioscience, San Diego, CA) and washed twice wiflermeabilization buffer (eBioscience, San Diego,
CA). Cells were then stained with a panel of artibe (eBioscience, San Diego, CA and BD bioscignces
East Rutherford, NJ) directed against cytokineisitgrest for 20 minutes at room temperature; eediee

washed and immediately analyzed in FACSCanto flgieroeter.

Statistical analysis

Statistical analysis was performed using the testcated in the figure legends utilizing Prism

5.0 software (GraphPad Software, La Jolla, CaliBjtn
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Table E2. Bosd 5, Bos d 9, Bos d 10, Bos d 11 @b d 12 CD4 T-cell epitopes

HLA DRB1 Restriction

Bos d Amino acid sequence 01:01 03:01 04:01 07:01 09:01 10:01 11:01 1501 DRB4 DRB5 DQ6
"Bos d 5;7.35 GTWYSLAMAASDISLLDAQS U7T,
o/
"Bos d 519.148 DDEALEKFDKALKALPMHIR 0/4", 13,
117 3/3F
Bos d 5137156 DKALKALPMHIRLSFNPTQL 0/11,
2/5
*Bos d 9735 NENLLRFFVAPFPEVFGKEK 7T,
0/
*Bos d 905104 KVPQLEIVPNSAEERLHSMK 12,
213
*Bos d 9;37.156 GVNQELAYFYPELFRQFYQL o/t
1/1*
"Bos d 9145 164 FYPELFRQFYQLDAYPSGAW 212 1/2",  o/0',
212 314 11
*Bos d 9169.188 SGAWYYVPLGTQYTDAPSFS 1/2, 0/2',  0/0, 0/4",
212 214 11t 117
Bos d 10;7.5¢ QETYKQEKNMAINPSKENLC U7,
o/
Bos d 10;77.195 PQYLKTVYQHQKAMKPWIQP 1/21,
3/4
Bos d 10485004 QHQKAMKPWIQPKTKVIPYV 1/3,
13
Bos d 11,544 RINKKIEKFQSEEQQQTEDE 0/7,
214
Bos d 114160 TEDELQDKIHPFAQTQSLVY 0/2, T,
ur o/t
Bos d 11,968 IHPFAQTQSLVYPFPGPIPN o/1",
2/5
Bos d 114 54 PIPNSLPQNIPPLTQTPVVV o1
2/5
Bos d 11g9.108 QPEVMGVSKVKEAMAPKHKE 11,
o/5
Bos d 1151313, KYPVEPFTESQSLTLTDVEN 0/;2
717
Bosd 11553472 PTVMFPPQSVLSLSQSKVLP 0/2',



27

Bos d 11103012 FLLYQEPVLGPVRGPFPIIV 1/?
217

Bos d 12; 5 AQEQNQEQPIRCEKDERFFS o/, 13,

1/5 0/3*
Bos d 12:7.76 LPYPYYAKPAAVRSPAQILQ 1/35; ,

o/
Bos d 12105124 SFMAIPPKKNQDKTEIPTIN 2/21,
0/4

Bos d 1245317, PEVIESPPEINTVQVTSTAV 0/11,

1/5

*Previously identified CD4+ T-cell epitopes by Eledyet al (Molecular Immunology, 2004).

*Previously identified as HLA-II-restricted T-cedpitopes in www.iedb.org. Epitope Bos g;5(33950, 223605); Bos d{59.145(222188); Bos d 9,.36 (31145, 38207); Bos d 9
105-124(74689, 51432, 34491, 70444); Bos gh956(13715, 13716, 26364, 26341); Bos ¢9,64(26341, 45542, 18443); Bos d &.1s5(10, 5711, 7690).

T# of responders and # of subjects tested with ésegdated HLA-DR or HLA-DQ with baked milk toleramc

*# of responders and # of subjects tested with ésegdated HLA-DR or HLA-DQ with baked milk intoleree.



Table EL1. HLA and allergic status of recruited subjects

ID Age Sex HLA slgE Symptoms Tolerates baked
(DRB1*) milk to Milk milk
(f256) ingestion
kU/L
Milk Allergic Adults
1 39 F 04:.01,07:01 103 L I 11V, V No
2 34 M 07:.01,13:01 0.5 vV, VI No
3 22 F 0401,10.01 41.2 VIl No
4 18 M  10:01,12:01 4.63 VIII No
5 30 F 01.01,09:01 053 VI Yes
6 20 M 0301,13:.01 3.29 1, v, v No
7 20 M 01.01,03:01 829 [, 1 Yes
8 19 M 07:.01,13:01 41.1 v,V No
9 18 M 04:01,12.01 26.1 VI No
Milk Allergic Teenagersand Children > 8 years of age
10 15 ™M 0401,1501 4.46 Y No
11 10 M  13:01,15:01 351 v Yes
12 10 M 03.01,12:01 64.7 M, 1v,v No
13 13 F 03:01,03:01 64.5 I, No
14 9 M 03.01,07:01 227 I, 1v, Vv No
15 11 M 07:.01,1501 121 v,V Yes
16 12 F 01.01,04:05 100 I, 1v, Vv No
17 15 F 10.01,1501 1.27 I, v Yes
18 13 M 12:01,15:01 9.28 (I F R AVARVATT| Yes
Milk Allergic Children under the age of <8
19 4 M 10:01,15.01 77.2 L1V, Vv No
20 3 M  04:01,10:01 0.8 I, 1v, VII Yes
21 5 F 0701, 11.01 51.7 i1,V No
22 3 M 03.01,07:01 227 I, 1, IV Yes
23 3 M 03:.01, 07:01 7.3 i, 1v No
24 5 M 09:01, 10:01 52.2 I, v No
25 5 M 01:01, 15:01 2.86 v No
26 8 M  04:.01,07:01 153 I, 1, v, v No
Non-atopic subjects
27 29 M 0301, 15:01 0 Absent Yes
28 31 F 0101, 1501 0 Absent Yes
29 34 F 01:01,01:03 0 Absent Yes
30 34 F 0301, 1101 0 Absent Yes
31 35 F 04:.01,14:01 0 Absent Yes
32 32 F 07:.01,07:01 0 Absent Yes
33 38 M 0401, 04:01 0 Absent Yes
34 37 F 0301, 07:01 0 Absent Yes
35 32 M 0101, 0402 0 Absent Yes
36 35 M 07:01,13:02 0 Absent Yes




37 24 M 07:01,13:02 0 Absent Yes
38 3 M 0101, 0 Absent Yes
39 23 F 1501, 10:01 0 Absent Yes
Atopic subjectswithout milk allergy
40* 8 M 10:01, 15:01 0 Absent Yes
41* 2 M 01:01, 13:02 0 Absent Yes
42* 10 F 07:.01,11.01 0 Absent Yes
43¢ 2 M 11:01, 15:01 0 Absent Yes
44* 10 F 01:01,15:.01 0 Absent Yes

I Itchy mouth, lipsand/ or pharynx

Il Abdominal discomfort and/ or diarrhea

111 Nauseaor vomiting

IV Severe skinitching or hives, acute or angioedema
V  Rhinitisand/ or conjunctivitis and / or respiratory compromise

VI  Dizziness (feeling loss of consciousness)

VIl Syncope (loss of consciousness)
VIl Desaturation with respiratory compromise

*  Subjects also had history of peanut or walnut and positive IgE ImmunoCAP for peanut or walnut



Figure E1. Tetramer Guided Epitope Mapping (TGEM) studies of DRB1* 10:01-restricted Bos d-specific

CD4 T-cells A, PBMC from a DRB1*10:01 subject with milk allergy were stimulated with 5 pools of
Bos d 11 peptides for 2 weeks and subsequently stained with corresponding DRB1*10:01/Bos d 11
pooled peptide tetramers. B, Cells that were stimulated with pool #1 were re-stained with individual
peptides from the corresponding pool. The staining identified p4 (Bos d 11,544) as DRB1*10:01 restricted

Bosd 11 T-cell epitopes.

Figure E2. Frequencies of milk allergen reactive CD4" T-cells. A, and B, Frequencies of B-
lactoglobulin-, asl-casein-, as2-casein-, B-casein- and k-casein-reactive T-cells in 8 subjects with milk
allergy (adults, teenagers and children >8 years of age n=6; children <8 years of age n=2) with CD154
assays after 3 hour Bos d peptide stimulation utilizing freshly isolated PBMC. Each data point represents
the frequency of T-cells reactive to each alergen. An ANOVA test (with Bonferroni correction) was used

to compare al columnsin the statistical anaysis. ***P<0.001, NS. Not significant.

Figure E3. Phenotypes of CCR6'Bos d-specific T-cels in milk allergic subjects after ex vivo pMHC-I1
tetramer enrichment utilizing freshly isolated PBMC. A, and B, Tetramer'CD45RA™ T-cells were gated
against CCR4 and CCR6. Each data point represents results for surface expression in tetramer positive T-
cells from 23 subjects with milk alergy; 15 adults, teenagers and children >8 years of age (triangles) and
8 children <8 years of age (downside triangles) with CMA. C, and D, Tetramer positive CD45RA™ T-cells
were gated against CCR6 and CRTH2. Each data point represents results for surface expression in
tetramer positive T-cells from 26 subjects with milk alergy; 18 adults, teenagers and children >8 years of
age (triangles) and 8 children <8 years of age (downside triangles) with CMA. A Student t test was used

in the statistical analysis. ****P<0.0001, *P<0.05, NS. Not significant.
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