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ABSTRACT
Background:
Repeated low dose grass pollen intradermal allengjestion suppresses allergen-induced cutaneous

late phase responses, comparable with conventsomautaneous and sublingual immunotherapy.

Objective:
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To evaluate the efficacy and safety of grass poilgradermal immunotherapy in the treatment of

allergic rhinitis.

Methods:

We randomly assigned 93 adults with grass pollemgit rhinitis to receive 7 pre-seasonal intradsrm
allergen injections (containing 7 nanograms of Phb major allergen) or histamine control. The priyna
endpoint was daily combined symptom-medication esaturing the 2013 pollen season (area under curve)
Analysis was by intention-to-treat. Skin biopsiesravcollected following intradermal allergen chafles and

late phase responses measured four and sevem,ttérieen months post-treatment.

Results:

There was no significant difference in primary eoidp between treatment arms (active n=46, control
n=47, median difference, 14; 95% CI -172.5-2154.8B). Among secondary endpoints, nasal symptonis we
worse in the intradermal treatment group, measbsedaily scores (median difference, 35; 95% CI @&//05;
P=.03) and visual-analog scales (median differeb8g95% CI -11.6-125-2; P=.05). In a per protawlysis,
intradermal immunotherapy was further associated worse asthma symptoms and fewer symptom fres. day
Intradermal immunotherapy increased serum Phl pipdgE (P=.001) compared to the control arm. el
cultured from biopsies of intradermal immunotherappjects showed higher expression of Th2 surfeaden
CRTH2 (P=.04) and lower Thl marker CXCR (P=.013peztively. Late phase responses remained inhibited

seven months after treatment (P=.03).

Conclusion:
Intradermal allergen immunotherapy suppressedlakénresponses but was not clinically effective and

resulted in worsening of respiratory allergic syoms.

Clinical Implications
Repeated intradermal allergen exposure has thetmt® exacerbate rather then ameliorate allergic
airway disease, with possible implications for ridmemunotherapy strategies that promote dermaigdie

exposure.
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Capsule Summary
Grass pollen intradermal allergen immunotherapy medsclinically effective, but worsened seasonal

allergic rhinitis symptoms with implications for vel immunotherapy that targets allergen delivertheskin.

Key Words:
Allergy immunotherapy, allergic rhinitis, grass pollen, Phleum Pratense, immunotherapy, intradermal, low-

dose.

Abbreviations used:

ANCOVA: Analysis of covariance

ANOVA: Analysis of variance

ARIA: Allergic rhinitis and its impact on asthma

ITT: Intention-to-treat

MHRA: Medicines & Healthcare products Regulatoryefigy
Mini-RQLQ: Mini-rhinoconjunctivitis quality of lifequestionnaire
SQ: Standardized quality

VAS: Visual analog scale

WAO: World Allergy Organization
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INTRODUCTION

Immunotherapy with grass pollen for seasonal alterfgjnitis is a longstanding and clinically effaet
treatment-? Conventional immunotherapy vaccines involve adstiation of high doses of allergen (typically
10-20 microgram quantities of major allergens) égular subcutaneous injection or as daily sublihtaldets,
although both approaches have limitations. Subewatas immunotherapy is associated with a risk desye
allergic reactions and therefore injections reqapecialist supervision. Sublingual immunotheragyuires
self-daily dosing for 3 years and non-adherencelaively commonplac@.

Intradermal allergen injection in sensitized suotgeaesults in a localized wheal with erythema imith
15 minutes (early phase response), followed byuséfindurated swelling that persists for 24-36 bqlate
phase response). The late phase response is agdethpd infiltration of activated Th2 cells, eosphils and
basophils, features that characterize chronic gileinflammatory responsésWe previously reported that
repeated intradermal injections of grass pollenmagxtevery two weeks leads to a progressive antbrsys
attenuation of the macroscopic skin late phaseoresss induced by these injectiGnafter six intradermal
injections - each containing the equivalent of iaggams of the major allergen Phl p 5 - late plrasponses
were more than 90% suppressed, comparable to teeal®f suppression achieved following conventional
subcutaneous grass pollen immunotherapy contamiaga thousand-fold greater cumulative allergesedo

The concept of intradermal grass pollen allergetulation as a treatment for allergic rhinitisnist
without precedent. In 1926, Phillips, a physiciamArizona, published a preliminary account of hipariences
with intradermal grass pollen immunotherapy in 28ignts® extended to 322 patients by 193&porting that
over 90% obtained “satisfactory relief’. Here wea# the findings of the first randomized placelmirolled
clinical trial of intradermal grass pollen injeai® for seasonal grass pollen allergy. The Pollew ldmse
Intradermal Therapy Evaluation (PollenLITE) was cained to test the hypothesis that skin late phesgonse
suppression following intradermal grass pollen adstiation is associated with clinical improvementadults

with seasonal allergic rhinitis.
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METHODS
Study design

PollenLITE was a single centre, randomized plaagddrolled double-blind phase 2 trial conducted at
Guy'’s Hospital in London, investigating the effigagnd safety of seven pre-seasonal intradermattinjes of
Phleum pratense (Timothy grass) pollen extract versus histaminetia (Fig 1). The National Research Ethics
Service Committee London—-Harrow (12/LO/0941) and RMHapproved the study, with oversight by King's
Health Partners Clinical Trial Office and an indegent trial steering committee. The clinical tabtocof
was finalized prior to randomization and the stai@d analysis plan finalized prior to unblindingnca data

analysis. All participants provided written infordheonsent in accordance with the Declaration ol

Participant selection

Ninety-three participants were recruited using atilsements in press, online and on public transport
and a dedicated trial website. Eligible particigantere aged 18-65 years with moderate-severe gk
allergic rhinitis according to ARIA classificatidopositive skin prick test (at least 3 mm diameten)l specific
IgE (at least class two) tBhleum pratense. Exclusion criteria included seasonal grass peheluced asthma
requiring regular albuterol or inhaled corticostdsp symptomatic seasonal allergic rhinitis andlsthma due
to tree or weed pollen overlapping the grass seesquiring regular treatment; perennial rhinitisigrevious

life-threatening anaphylaxis. The full inclusiondagxclusion criteria are described in the Onlin@ditory.

Randomization
Participants were randomized 1:1 by King’s Clinidalal Unit by block randomization using a 24-
hour web-based system, with stratification accaydin skin test response size to grass pollen aesepce of

rhinitis symptoms outside the grass pollen season.

Study Procedures

Seven intradermal active or control histamine fore@njections were administered 2-weekly before 2043
grass pollen season (February 18-May 24, 2013)h lBative injection contained 10 Biological UnitsUB
(33.3 SQ-U; 7 nanograms major allergen Phl p 5Pldeum pratense (Aquagen SQ Timothy, ALK Abello,
Reading UK) in a 20 microliter volume. This regime@as chosen based on our previous study showirightha

injections at the same dose and interval led to 9Qpfpression of the late phase response in theBlstamine
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control was administered at 1Q@/ml for the first two injections, reduced to {@/ml for the second two
injections, and then 1Qg/ml for the final injections, to help preservendling. Details of active and placebo
manufacture are supplied in the Online Repositémntihistamines were avoided 5 days prior to intraus
injections, so that a wheal in response to thectiga could be confirmed. All participants were eh&d for
systemic reactions after the first injection foreohour, and for 30 minutes after subsequent imgesti
Participants completed diary cards during the 2@i&ss pollen season, recording symptoms and rescue

medication usage.

Study Outcomes

The primary outcome was a combined symptom andaatan score during the grass pollen season (May
13-August 31, 2013; 111 days) as recommended bydMdlergy Organization (WAQO) guidelines for allécg
rhinitis immunotherapy trial¥ (see Online Repository for details of symptom avadlication scoring).

Pre-defined secondary clinical endpoints were al/eymptom scores, individual nose, mouth, eye and
lung symptom scores, overall medication scores,bioed symptom and medication scores during the peak
season, visual-analog scale (VAS) scores for noseeye symptoms (two-weekly), mini-Rhinitis Qualiy
Life Questionnaire scores (mini-RQLQ) and healtlatesl quality of life scores (EQ-5D-5L) (four tinp®ints)
a global evaluation of symptoms (at end of seasmmpber of symptom and medication free days andbeam
of days prednisone was used. Adverse events weoeded for all patients who received at least oosedof
study drug (see Online Repository). To verify bing] participants guessed whether they had recetfied
active or control intervention after the 2013 polzason.

In September 2013, i.e. 4 months after complatibimtradermal treatment injections, cutaneousyearl

(15 minutes) and late phase responses (24 hourg) mveasured after intradermal injections of grasifep
(identical to treatment dose) and diluent (ALK Abgl Twenty participants per treatment arm wereo als
randomized to undergo 3mm punch biopsies from tlsites after 24 hours. Biopsies were all analyzed b
immunohistochemistry for numbers of eosinophilsytraphils, CD3+ T cells and CD4+ T cells. In haff o
participants who underwent biopsy, the biopsiesewdivided into two fragments, with the second fragim
used for T cell expansion, flow cytometric evalaatiof Th1/Th2 markers and microarray analysis. Bloo
specimens were collected f@hleum pratense-specific IgE and IgG levels, and basophil activatstudies.

Subjects were also randomized for repeat late phesgonse measurements at either seven, ten tethir
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months following treatment completion. Further neetblogical information is provided in the Online

Repository.

Statistical Analysis

Details of the power calculation are provided ia ®nline Repository. All analyses were pre-defined
in a detailed statistical analysis plan and overdsea data monitoring committee. Primary outcomalysis,
performed on an intention-to-treat basis, includégarticipants who were randomized without impiota for
missing data. Differences between the groups in AlfGhe combined symptom and medication scores, the
primary outcome, were assessed using a stratifiednMVhitney U test (van Elteren test), adjustedofseline
stratification factors. The stratified Hodges-Lelmmaestimation was used to calculate median diff¥swith
confidence intervals. Similar analyses were coretlidor total and organ symptom scores, medicatiomes
and VAS scores. Mini-RQLQ and EQ-5D-5L scores wekaluated by linear mixed models with 95%
confidence intervals. Sensitivity analyses werdgrared with missing data imputed, utilizing meaores on
the day concerned and in the relevant trial armpfimary and secondary outcomes in the intentitreat
population. Analyses were also performed in theda#ned per-protocol population. All mechanistitalyses
were by Mann Whitney U Test, except serology anchimohistochemistry, which were analyzed by ANCOVA.
Wilcoxon signed-rank test was used to compare \@esus post-treatment serology, and diluent coneaus
allergen challenge immunohistochemistry results.

The principal software package was SAS/SPAWith verification of results from Syntax for sefed
analyses analyzed in St&8taThis trial was registered with Current Controllddials, number ISRCTN

78413121.
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RESULTS
Study participants

A total of 93 participants were randomized. All e evaluated for the primary outcome in the
intention-to-treat analysis (Fig 2). Baseline cltedstics were well balanced between groups (Thblell 46
participants receiving intradermal allergen immun@oapy completed the treatment course; one delayed
injection by one day due to a scheduling conffihe of 47 participants assigned to control injewiwvithdrew
after the second injection due to work commitmeats] another delayed an injection by four days tduen
upper respiratory tract infection. Missing diarytaléor the primary endpoint were few, with 94% afticipants
supplying over 90% of daily data. One patient ccetgd less than the pre-determined per-protocol 50%
threshold of daily data and was excluded from thepvotocol population. Five participants, all ietcontrol
arm, significantly deviated from protocol-specifiacse of rescue medications. After the pollen season
participants were unable to identify if they hadaiged active allergen or histamine control treaitnf@able E1,

Online Repository).

Primary Outcome

There was a clear temporal relationship betweencttmbined symptom and medication scores and
daily pollen counts (Fig 3A), which peaked at above-average levels. Intradermaunotherapy did not
significantly affect the primary endpoint, i.e. tbembined symptom and medication score over thiecegitass
pollen season (111 days) (difference in median AWUE, 95% confidence interval [CI], -172.5 to 215

=.80) (Fig 3B; Table II).

Secondary Outcomes

No significant group differences were also seeasdoondary endpoints of overall symptom scores (P
= .24) and rescue medication use (P = .44) dutiegwhole season and combined symptom and medication
scores during the peak season (June 12-July 28) 2BE .90) (Table ).

Amongst other secondary endpoints, allergic risimitymptoms measured by daily nasal symptom
scores were 44% higher in the intradermal alleigenunotherapy group, with a difference in medianG\bf
35 (95% ClI, 4.0 to 67.5; P = .03) (Fig G). Rhinitis symptoms measured by VAS were 28% highethe
intradermal allergen immunotherapy group, with fedénce in median AUC of 53 (95% CI, -11.6 to 2R

=.05) (Fig 3 D). No significant differences were seen betweemgsan daily eye or lung symptoms (Table II),
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although mouth symptoms tended to be higher inrttradermal allergen group (median difference ofA\G
10.0; 95% CI, 3.8 to 24; P = .05). No significanbgp differences were observed in eye symptoms umed by
VAS, mini-RQLQ scores, EQ-5D-5L scores, global eration of symptoms scores, or number of symptom or
medication free days or number of days predniscaetaken.

In the per-protocol analysis (Table 1) the indiwal nasal (P = .02) and mouth (P = .02) daily
symptom scores were significantly higher in thavacgroup, whilst lung daily symptom scores (P 5).and
overall symptom score (P = .09) tended to signifiea Active group participants also had signifibamtorse
nasal symptoms measured using visual-analoguess(fale .008) and recorded fewer symptom free dags t
subjects in the control group (P = .04). In theimion-to-treat analysis, when missing data wenguied (Table
E2, Online Respository), nasal daily symptoms =@k = .03) and VAS nasal symptoms were statisfical
significant (P = .02) and mouth symptoms tendeldetigher (P = .05).

As allergic rhinitis nasal symptoms were unexpaigteworse in intradermal immunotherapy
participants, we performegost-hoc analyses comparing daily data for each individakérgic symptom
between groups (Table 1V). In the active group,egieg (P = .01), cough (P = .02), chest tightn&s (08)
and mouth itching (P = .06) were higher, whilst eyeelling was lower (P = .03). Individual nasal ptoms
measured by VAS also revealed higher scores aftemdermal immunotherapy for rhinorrhoea (P = .006)
sheezing (P = .006) and nasal itching (P = .003pld 4).

The frequency of adverse events was similar betwgr@ups. The frequency of treatment-related
adverse events was low: 3 (6.5%) and 6 (13%) ppatits in the intradermal immunotherapy and corgrolp,
respectively, experienced mild systematic reactior@ifested as generalized pruritus only, exceptofte
intradermal allergen participant who developed tegta tracking from the injection site in a lympbati
distribution (‘IgE-mediated lymphangitis’) 20 mirag after each injection. There were 3 serious advevents
all unrelated to treatment: 1 (2.2%) in the actaad 2 (4.3%) in the control group. (Table E3, Qalin

Repository).

Immunologic findings

Serological assessments pre- (October 2012) astetqgatment (May 2013) showed a typical seasonal
fall in allergen-specific IgE in the control gro§p < .001), which was significantly less in theraatermal
allergen immunotherapy group (P = .001), indicatingeatment-induced relative increase in allerggeeific

IgE (Fig 4,A). A treatment effect was also seenRileum pratense-specific IgG (P = .03) (Fig 4) and IgE

10
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titres to major grass allergens Phl p 5 and PhiBid E1, Online Respository), although no effeetsveeen on
IgG, responses (not shown).

CD4+ T cells expanded from 19 of 20 skin biopsielected post intradermal grass pollen challenge
after the 2013 grass pollen season, showed higipeession of Th2 marker CRTH2 in the active groomgdian
13.4% (IQR 6.3 to 25.4)) compared to the controlugr (6.3% (IQR 1.9 to 7.6)) (P = .04), whereas egpion
of Thl cell marker CXCR3 was lower (33.5% (IQR 2th@7.3) vs. 56% (IQR 45.8 to 63.8); P = .01) (Fi®
and Fig E2, Online Respository). No differencesavseen in expression of Th17 marker, CCR6 (data not
shown). Insufficient T cells could be expanded frdilment challenged skin biopsies for analysis. fd@ray
transcriptional profiling performed on cultured &lls from 15 allergen-challenged skin biopsies et only
14 genes that were significantly over-expressatiémactive group, (defined as >1.5-fold higher espion than
control group and P < .05 using a 3 way-ANOVA mgdgicluding interleukin-5, but no other Th2- or Trh
related genes (Table E4, Online Repository; miceyarGene Expression Omnibus Accession number
GSE72324; Fig. E3, Online Repository for heat mépcydokines and relevant transcription factors). GO
analysis did not highlight a broader effect on Thanflammation-related genes. No significant tneant effect
was seen on surface expression of peripheral dasdphil activation markers (Fig E4, Online Repmugit or
on numbers of eosinophil, neutrophil, CD3+ T calisl CD4+ T cells following immunohistochemical sitag

of diluent and allergen challenged skin biopsieg &5, Online Repository).

Skin challenge results

Early (15 minutes) and late phase (24 hour) sksponses could be measured in 86 participants four
months after the final intradermal allergen injent{September 2013), and then repeated at eithhenseen or
thirteen months. The size of late phase respomst®icontrol group was consistent with that regmbih our
previous study under the same conditiqsiown for comparison in Fig €). In the present trial, the late phase
response was still suppressed four and seven mafitiscompleting intradermal allergen treatment(P3 for
both time points), but not at 10 or 13 months. dmparison with the historical data however, suppogsat
these times was less than that which we observedediately after completing six injections (Fig @),

suggesting that the suppressive effect on lategplesponses was wearing off within four months

11
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DISCUSSION

In this phase 2, randomized, double-blind, placetmtrolled trial in adults with moderate-severeeiic
rhinitis, pre-seasonal treatment with intradermiasg pollen injections did not affect the primandgoint
(combined symptom and medication scores durin@8 grass pollen season). These findings repudiate
hypothesis that suppression of cutaneous late ptesp@nses following repeated intradermal low dgrsess
pollen injections would be associated with clinical improvement diergic rhinitis. Intradermal allergen
immunotherapy was associated with 44% worse atletgnitis nasal symptoms as measured by daily symp
scores and 28% worse symptoms as measured by h8ugh the trial was neither designed nor poweoed
detect deterioration of symptoms. These findingsevemnsistent when missing data were imputed. énptr-
protocol population, in addition to worsening osabhsymptoms measured both daily and by VAS, thene
worsening of lung and mouth symptoms and signitigdiewer symptom-free days.

No serious adverse events attributable to graésmpimtradermal allergen immunotherapy occurredl. 9
of the 93 participants completed the full injectimmurse; one withdrew for unrelated reasons. Famtigipants
deviated significantly from the protocol in usereScue medications, mainly using excessive arifmistes,
topical nasal steroid or eye drops. Two of theseigigants also used prednisone without study ptgsi
guidance. We are unable to account for why these garticipants were all in the control arm, althouheir
exclusion from the per-protocol population did affect the conclusions of the study.

Strengths of this first randomized controlled Itiid low dose intradermal immunotherapy include:
recruitment of moderate-severe participants in atamce with ARIA classification; use of primary ocoine
combined symptom and medication scores during thgsgpollen season in accordance with WAO guidérce
allergic rhinitis trials; a low level of missing illadiary card data and the successful blindingttef active
treatment. This was achieved through participaiiy dfata entry, text reminders and regular datdectibn
throughout the season.

The rationale for a trial of intradermal immunotgy was based on our previous st@dpowing that
this regimen systemically abrogated allergen-indwsién late responses, and also previous clinicaliss
suggesting that epicutanedti¥ and intralymphatit**immunotherapy may be clinically effective. We
hypothesized that intradermal injection of allergeight promote tolerogenic pathways through rapithke to
regional lymph nodes, or possibly, by dermal ddiwdcell populations which are relatively abundeompared
to subcutaneous tisstfelndeed, one of our active group participants répoibly demonstrated lymphangitis

(Fig E6, Online repository) within 30 minutes othanjection, suggestive of rapid lymphatic uptake

12



347 allergen. We selected an allergen dose equividehnanograms of the major Timothy grass polléergén

348 Phl p 5 for several reasons. Firstly, we previousfyorted in a proof of concept study conductea &milar

349 population that six two-weekly injections at thengadose led to almost complete attenuation of theneous
350 late phase response induced by these injectiorns.ig bomparable to the effect on cutaneous lats@h

351 responses seen following high-dose subcutaneousiinerapy’ and exceeds that following treatment with
352 sublingual grass pollen vaccin€sSecondly, the average late response induced dyltisie was approximately
353 10 cm diameter, which we considered to be at thidiof tolerability for patients. Although precisdgradermal
354 grass dosages used in the uncontrolled historitiestof Phillips are unknowh’ his aim during treatment was
355 to induce “a local reaction about the size of taggmt's palm, which should begin to subside withianty four
356 hours”. Our study has possible limitations. Firsgyass pollen doses were not increased duringehénent

357 course. This treatment protocol was chosen beasfusgr previous observation that repeating the sdose

358  was sufficient to achieve almost complete suppoessf the late phase response. Secondly, injecti@ns not
359 continued throughout the grass pollen season,tihprevious randomized controlled trials of suanabus
360 grass pollen immunotherapy have demonstrated effifar pre-seasonal regimels.

361 Late phase skin responses were first measuredeagritl of the 2013 grass pollen season because
362 performing such measurements before or during cidle of clinical outcome data would have risked
363 unblinding the trial. Late phase responses stiflesgped partially suppressed at this and the subsé@umonth
364 time points. Nonetheless, this difference was liss we observed immediately after completion of si
365 intradermal injections in the proof of concept stusliggesting that suppression is transient andlyneversed
366  within four months. This effect might therefore dimilar to that seen with transient desensitizatiaring food
367 oral immunotherapy. The late cutaneous responserisidered to be at least partially T cell-depeh@®d has
368 been extensively used as an experimental modeéxptoring mechanisms of allergic dise4$&Our data
369 suggest that either the late skin response isalevant for disease expression or, more likelyunaew, that
370 suppression of the late phase response may besaggdmit not sufficient for clinical improvementléwing
371  allergen-specific immunotherapy.

372

373 The fall in Phl p-, Phl p 1- and Phl p 5-specifiElin the placebo group between the baseline (@ctob
374 2012) and the follow up measurement after 7 inpasti(May 2013) was consistent with natural seasonal

375 variation as described in previous studies; legé|sollen-specific IgE rise during the grass pokeason and

376  then gradually decline over the following winter mios?!?* Similar changes also occur in pollen-specific IgG
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antibodies Intradermal immunotherapy arrested the anticipatieder decline, which was seen in the placebo
group. Therefore, taking into account the seascmahges, intradermal allergen immunotherapy stitadligE
production. In keeping with this, and the exacddmabf nasal symptoms (and other clinical paranseitethe

per protocol population), T cells cultured fromrskiunch biopsy explants in the intradermal immuactpy
group expressed higher levels of Th2 marker CRThRlawer surface expression of Thl marker CXCR®8 tha
biopsies from placebo subjects. Exploratory miamaanalysis of these T cells was performed inkasaup

only due to limited cell numbers. Although IL-5 waise of only 14 genes overexpressed accordingeto pr
specified criteria, GO analysis did not highlighteffect on other Th2 or inflammation-related genatso,

post hoc analysis using less stringent criteriangidhighlight additional Th2 or Thl-related genglerefore,
although the clinical and other immunologic findirigdicate a priming effect, we interpret the limkcroarray
data in isolation with caution. An intradermal pitiigp effect could be consistent with observationahan
studies linking cutaneous exposure to peanut pranechildren with atopic dermatitis with developmef
peanut allergy, an effect more apparent in thoske iwipaired skin barrier function, which may promaiermal
allergen exposur€:?* Our findings also raise the possibility that istrsaneous exposure to aeroallergens, for
example in atopic dermatitis patients with disrapgkin barrier function, might have potential t@imote or
exacerbate respiratory allergic disease. Suchkahtis been hypothesized as the basis of so-caltedit march’

from atopic dermatitis to later development of iestpry allergies>

Previous attempts to develop novel immunotherapyaaches based on epicutaneous allergen applidzdiom
shown some initial promise. Early phase clinicill$rhave provided evidence that this may be affedor
treatment of grass pollen allerdynd similar patches are also under investigatopéanut allergy**?A
potentially important immunological difference bewwn epicutaneous and intradermal allergen immureglye
is in the types of antigen presenting cells — paldirly DC populations — likely to be encountergdaiergen'®
In the epidermis, Langerhans cells predominathpatih atopy patch tests also induce infiltration by
inflammatory dendritic epidermal célfsvhereas in the dermis three major DC subtypes heea identified’
Recent attention has focused on methods that eatematinocyte activation and skin penetration by
epicutaneous allergen, such as skin stripfinguse of microneedI|éS Skin barrier disruption appears to
promote dermal allergen expostirand in some animal models epicutaneous immunqiiiena stripped skin
has appeared to potentiate pre-existing systenfcr@sponses- More recently, dermal DC, but not

Langerhans cells were found to elicit murine Th&mnses in response to epicutaneous antfgen.
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In conclusion, this is the first randomized cor&dl trial to directly evaluate the efficacy of
intradermal grass pollen immunotherapy and theltesuggest that this approach is not clinicallieetive,
despite local suppression of skin late phase resgmonMoreover, the data suggest that this resufted
immunological priming and worsening of allergic mitis symptoms, providing direct evidence that darm
allergen exposure has the potential to exacerladiberthan ameliorate allergic disease, with ingpiamns for

novel immunotherapy delivering allergen to the skin
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Figure Legends

FIG 1. Study design.

FIG 2. CONSORT diagram. All randomized participants were included in the intention-to-treat
analysis. Only participants who adequately adhered to treatment and rescue medications were

included in the per-protocol analysis.

FIG 3. Primary Outcome and Nasal Symptoms. Daily grass pollen counts in central London during the
2013 grass pollen season (A). Broken vertical lines indicate beginning and end of the peak pollen
season (12 June—26 July 2013). Mean daily combined symptom and medication scores in the primary
intention-to-treat analysis (B). Mean daily nasal symptom scores (sum of scores for sneezing,
blockage and running) (C). Mean nasal symptoms measured by visual-analog scales (VAS) (total of
blockage, running, itching and sneezing) (D). Area under curve values for each participant were

compared according to treatment arm. P values are based on the Mann-Whitney U test.

FIG 4. Immunological Outcomes. Levels of Phleum pratense-specific IgE and IgG before and after
completion of seven intradermal allergen or histamine control injections (A). Expression of CRTH2
(Th2 marker) and CXCR3 (Thl marker) on CD4+ cells expanded from skin biopsies (24hours post-
skin challenge) (B). Areas of cutaneous late phase responses (24 hours after intradermal skin
challenge) 4 months and either 7, 10 or 13 months post-treatment (September 2013). Late response
suppression shown from our previous study (Rotiroti et aI.5) immediately after six 2-weekly
intradermal injections.. Solid bars represent median values (C). P values for pre- and post-treatment
serology comparisons based on the Wilcoxon signed-rank test and for between group IgE and 1gG

are based on ANCOVA. P values in Panels B and C are based on the Mann-Whitney U test.
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ACCEPTED MANUSCRIPT

TABLE I. Baseline characteristics of study participants

Control Intradermal Immunotherapy
(n=47) (n=46)

Female sex, no. (%) 12 (26) 19 (41)

White 37(79) 37 (80)

Asian 3(6) 4(9)

Other 2(4) 2(4)

Total IgE (KU/L), median (IQR) 121 (64-255) 160 (80-263)

Phleum pratense SPT weal diameter (mm), mean

(SD) 12(4.2) 11 (5.0)

Timothy grass 47 (100%) 46 (100%)

Silver birch 19 (40%) 24 (52%)

House dust mite 28 (60%) 24 (52%)

Dog 41 (87%) 36 (78%)

Aspergillus 1(2%) 2 (4%)



Cladosporium 2 (4%) 2 (4%)
Seasonal Asthma controlled with albuterol 17 (36) 15 (33)

FEV 1: Forced Expiratory Volumein 1 second; FVC: Forced Vital Capacity; ENT: Ear, Nose and Throat; SPT: Skin Prick Test.



TABLE Il. Effect of Intradermal Immunotherapy on Primary and Secondary Outcomes (Intention-to-Treat)

Intradermal
Control Immunotherapy Difference
(n=47) (n=46) (95% ClI) P value
Primary Outcome Median (IQR)
CSMS during entire season 487 (365-717) 502 (38B-8 14 (-172.5t0 215.1) .80
Secondary Outcomes

Symptom score during entire season 264 (156-398) 35 (B33-503) 59 (-1.3t0 110.9) .24
Medication Score during entire season 263 (129-482) 242 (116-405) -19 (-153.0 to 100.2) 44
CSMS Score during peak season 365 (278-508) FTE-H21) -8 (-75.8 t0 66.3) .90
Nasal symptom score during entire season 121 (81-200) 174 (120-207) 35 (4.0 to 67.5) .03
Mouth symptom score during entire season 14 (5-45) 34 (8-90) 10 (3.8 to 24) .05
Eye symptom score during entire season 78 (52-180) 79 (41-153) -7 (-18.5t0 2.9) .54
Lung symptom score during entire season 12 (0-34) 17 (3-32) 4 (-1to 15) A7
Nasal Allergic Symptoms measured by VAS 122 (54-184) 156 (104-275) 53 (-11.6 to 125.2) .05
Eye Allergic Symptoms measured by VAS 144 (41-176) 84 (32-197) -3 (-46.0 to 35.8) .40
Global Evaluation of Symptom Scores 3 (1-4) 3 (2-4) 0(0to1l) .48
Symptom Free Days 41 (23-61) 35 (19-53) -6 (-13)to 15
No. days prednisone used during entire season 0 (0-0) 0 (0-0) 0(0to0) .36
Medication Free Days 76 (65-94) 81 (65-93) 4 (el21) .22
Mini-RQLQ 18 (10-25) 16 (13-23) -0.3 (-4.2t0 3.7) .89
EQ-5D-5L 88 (81-94) 87 (83-94) 9 (-24.8 t0 43.6) .59

Median difference between groups calculated byiea Hodges-

Lehmann.

P values based on stratified Mann-Whitney U testn(¥lteren's test) adjusted for stratification

factors

P values for mini-RQLQ and EQ-5D-5L based on limaated model adjusted for stratification

factors



Entire grass pollen season: 13 May-3 August 20&3kReason: 12 June-26 July 2013.
CSMS: combined symptom & medication score, VAS:Udisanalog

scale

Mini-RQLQ: mini-Rhinoconjunctivitis Quality-of-LifeQuestionnaire, EQ-5D-5L: EuroQoL
instrument



TABLE lll. Effect of Intradermal Immunotherapy on Primary and Secondary Outcomes (Per-Protocol Sensitivity Analysis)

Intradermal
Control Immunotherapy Difference
(n=39) (n=45) (95% ClI) P value
Primary Outcome Median (IQR)
CSMS during entire season 453 (279-685) 517 (341)-8 82 (-121.8 to 280.1) .23
Secondary Outcomes (median (IQR)

Symptom score during entire season 241 (150-398) 40 (B39-503) 76 (25.9t0 133.5) .09
Medication Score during entire season 254 (113-358) 255 (119-405) 21 (-125.0 to 157.0) .83
CSMS Score during peak season 342 (242-476) 363-526) 18 (-73.2 t0 127.5) 51
Nasal symptom score during entire season 119 (80—-205) 173 (123-207) 40 (13.3to 71.5) .02
Mouth symptom score during entire season 14 (4-43) 38 (8-90) 14 (4.9 to 32.0) .02
Eye symptom score during entire season 72 (48-145) 80 (41-153) 0 (-16.0to 17.6) .85
Lung symptom score during entire season 11 (0-21) 17 (3-32) 9 (1.0to0 17.0) .05
Nasal Allergic Symptoms measured by VAS 118 (50-154) 162 (105-275) 68 (8.3 to 134.6) .008
Eye Allergic Symptoms measured by VAS 114 (42-159) 90 (32-197) 1 (-52.8 t0 62.0) 49
Global Evaluation of Symptom Scores 3 (1-3) 3 (2-4) 1(0.0to 1.0) .25
Symptom Free Days 44 (25-67) 34 (19-47) -12 (-22.0 to -2.0) .04
No. days prednisone used during entire season 0 (0-0) 0 (0-0) 0 (0to 0) .33
Medication Free Days 78 (66-98) 80 (65-92) -1 (-20.0to 17.0) .87
Mini RQLQ 17 (10-22) 16 (13-23) -2.0(-5.89t0 1.88) 31
EQ-5D-5L 88 (84-94) 88 (83-94) 3 (-28.4 10 35.2) .83

Data for primary outcome and all symptom scoresesgnt Area Under Curve values

Median difference between groups calculated byiSe@ Hodges-

Lehmann.

P values based on stratified Mann-Whitney U testn(¥lteren's test) adjusted for stratification
factors

P values for mini-RQLQ and EQ-5D-5L based on lineated model adjusted for stratification



factors

Entire grass pollen season: 13 May-3 August 20&#3kReason: 12 June-26 July 2013.
CSMS: combined symptom & medication score, VAS:udisanalog

scale

Mini-RQLQ: mini-Rhinoconjunctivitis Quality-of-LifeQuestionnaire, EQ-5D-5L: EuroQoL
instrument



ACCEPTED MANUSCRIPT

Table IV. Effect of Intradermal Immunotherapy on Daily and Visual-Analog Scale Organ Symptom Scores
(Intention-to-Treat, Post-hoc analysis)

Intradermal
Control Immunotherapy Difference
(n=47) (n=46) (95% ClI) P value

Nose

Blockage 36 (12.5-61.0) 41 (14.0-74.5) 6 (-2.5t0 13.5)

w
w

Mouth

Drying 3 (0.0-15.0) 7 (0.0-40.0) 3 (0.0 t0 9.6)

[y
o]

ltching 44 (26.0-72.5) 48 (21.0-68.0) -1 (-5.0 to0 2.0)

©
©

Streaming 14 (2.0-24.0) 11 (2.0-19.0) 0 (-4.0t0 3.0)

(o2}
©

Lungs

Cough 1(0.0-12.1) 8 (1.0-23.3) 2 (0.0 0 6.0)

o
N

Tightness 0 (0.0-4.0) 2 (0.0-4.0) 0 (0.0 to 2.0)

o
[¢5)

Nose

Running 117 (62.0-162.7) 169 (96.0-265.6) 58 (18.224.5) 006



Sneezing 125 (46.1-182.4) 187 (133.1-295.3) 7B (4 150.9) .006

Eyes
Itching 135 (41.9-217.8) 120 (53.7-248.3) 4 (-35.310 46.1) .97
Watering 71 (33.6-119.4) 69 (21.0-129.5) 1 (-40.5 to 55.5) 79

Data shown represent Area Under Curve values
Median difference between groups calculated byitd Hodges-Lehmann.
P values based on stratified Mann-Whitney U testn(¥lteren's test) adjusted for baseline stratibioefactors
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Fig. 2
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TABLE EL1. Verification of participant blinding

Patient
Guess Trial
Arm

Control (n=43)

Trial Arm

Intradermal Immunotherapy (n=44)

Intradermal
Immunotherapy
(n=44)

Control (n=43)

22

21

22

22

At the end of the pollen season participants verified blinding by guessing if they had received active or control treatment



TABLE E2. Effect of Intradermal Immunotherapy on Primary and Secondary Outcomes (Intention-to-Treat); Missing data imputed

Intradermal
Control Immunotherapy Difference
(n=47) (n=46) (95% ClI) P value
Primary Outcome Median (IQR)
CSMS during entire season 509 (365-738) 502 (333-841) 8 (-174.7 t0 210.9) 91
Secondary Outcomes

Symptom score during entire season 264 (156-434) 35 (B33-525) 61 (-7.8t0 123.2) .22
Medication Score during entire season 263 (129-482) 242 (116-405) -24 (-173.1 to 107.5) .39
CSMS Score during peak season 370 (292-573) FB-570) -11 (-95.8t0 77.5) .80
Nasal symptom score during entire season 131 ( 80-200) 178 (120-218) 33 (0.3 to 68.5) .03
Mouth symptom score during entire season 14 (b—45 39 (8- 90) 11 (3.1t0 26.1) .05
Eye symptom score during entire season 78 (52-180) 79 (41-158) -7 (-20.0 to 3.0) .51
Lung symptom score during entire season 12 (0- 40) 20 (3-32) 4 (-1.0to 15.3) 17
Nasal Allergic Symptoms measured by VAS 124 (66—166) 162 (107-275) 59 (-3.7 t0 133.2) .02
Eye Allergic Symptoms measured by VAS 112(42-169) 97 (37-197) 2 (-45.6 t0 49.0) .56
Global Evaluation of Symptom Scores 3 (1-3) 3 (2-4) 0(0to1) 43
Symptom Free Days 41 (23-61) 35 (19-53) -6 (el3)t .15
No. days prednisone used during entire season 0 (0-0) 0 (0-0) 0 (0to 0) .36
Medication Free Days 76 (56-94) 81 (65-93) 4 (310.21.0) .22
Mini-RQLQ 18 (10-25) 16 (13-23) -0.3 (-4.210 3.7) .89
EQ-5D-5L 88 (81-94) 87 (83-94) 9 (-24.8 10 43.6) .59

Data for primary outcome and all symptom scoresesmt Area Under Curve values

Median difference between groups calculated byiea Hodges-

Lehmann.

P values based on stratified Mann-Whitney U testn(¥lteren's test) adjusted for stratification
factors



P values for mini-RQLQ and EQ-5D-5L based on limaated model adjusted for stratification
factors

Entire grass pollen season: 13 May-3 August 20&3kReason: 12 June-26 July 2013.
CSMS: combined symptom & medication score, VAS:udisanalog

scale

Mini-RQLQ: mini-Rhinoconjunctivitis Quality-of-LifeQuestionnaire, EQ-5D-5L: EuroQoL
instrument



ACCEPTED MANUSCRIPT

TABLE E3. Frequency of Adverse Events reported from first intradermal allergen immunotherapy or control injection until end of pollen season

Control (n=47) Intradermal Immunotherapy (n=46)
No. No.
Participants Participants
. % No Event - - No Event Rate
with 21 AE ' Rate with 21 AE % Participants :

Participants Events Events (%)

(%)

Serious Adverse Events 2 4.3 2 1.4 1 2.2 1 0.7

Overnight stay for Polysomnography 1 2.1 1 0.7 0 0 0 0

Relation of AE to treatment

Possible 0 0 0 0 0 0 0 0
None 34 72 61 42 32 70 65 44

Systemic Adverse Reactions 6 13 13 9.0 3 6.5 15 10

IcI)E-mediated Iimihani;itis 0 0 0 0 1 2.2 7 4.7

Facial flushing/feeling hot 2 4.3 3 21 0 0 0 0

Grade 1 6 13 12 8.3 3 6.5 15 10

Grade 3 0 0 0 0 0 0 0 0



Grade 4 0 0 0 0

Statistical comparison was by Fisher's Exact test for <5 events and Chi”

test for >5 events.
*Classified using the World Allergy Organization grading system for systemic reactions to subcutaneous

immunotherapy, Cox L et al. JACI 125:569-574, e567.



ACCEPTED MANUSCRIPT

Table E4. Microarray gene expression profiles of activated CD4+ T cells derived from skin
biopsy explants

Gene P value Fold-Difference

LOC100133042 .02 -1.80

GFOD1 .00 -1.77

H2AFZ .02 -1.61

HSD17B4 .02 -1.57

HDAC1 .01 -1.55

CALR .02 -1.52

PRDX5 .01 -151

EPS15 .02 151

GK .03 1.53

LOC729383 .02 1.56

LOC729387 .04 1.60

HS.508682 .04 1.68

GBP5 .05 1.79

TNIP3 .03 1.87



ACCEPTED MANUSCRIPT

Data analyzed by 3 way-ANOVA model.
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Supplementary Methods

Participants

Full inclusion criteria were adults aged 18 to &ang with a history of moderate-severe symptoms of
grass pollen allergic rhinitis according to ARIAassificatior in May, June, or July, for a minimum of 2 years
interfering with daily activities or sleep and rdnmiag troublesome despite treatment with medication
Participants were required to have a positive pkick test response (wheal diameter at least 3 tarRhleum
pratense together with a positive specific IgE (at leaskE Iglass two) againgPhleum pratense. Women of
childbearing age were included if willing to use affective form of contraception for the duratiof o
intradermal injections. Participants were ablednsent and comply with study procedures.

Exclusion criteria were as follows: pre-bronchatbt FEV, less than 70% of predicted value at
screening; seasonal grass pollen-induced asthmairirey regular treatment with albuterol or inhaled
corticosteroids (those with mild seasonal grastepehduced asthma, controlled with occasional t&imi only,
were included); significant symptomatic seasonsrgic rhinitis and/or asthma due to tree pollenwared
pollen near or overlapping the grass pollen sedpatients with mild intermittent symptoms requiriogly
occasional antihistamines were included); significgerennial rhinitis (patients with mild internattt
symptoms requiring only occasional antihistaminesenincluded); an emergency room visit for asthméhe
previous 12 monthsshronic obstructive pulmonary disease; recurrenteasinusitis; chronic sinusitis; previous
grass pollen immunotherapy within the previous &rgeprevious life-threatening anaphylaxis or aadema;
history of intolerance of grass pollen immunothgraprescue medications; a positive serum or ypiggnancy
test within 72 hours of enrolment; lactating fensalase of any investigational or immunosuppressing
within 30 days of screening; use of leukotrieneepor antagonists, beta-blockers, calcium chantoelkbrs,
tricyclic antidepressants, monoamine oxidase inhibior anti-IgE monoclonal antibody; a medical dition
that the investigator deemed incompatible withipgdtion in the trial; infection of the upper résory tract,
sinuses or middle ear at randomization; insufficienderstanding of the trial protocol. Current serskor

subjects with greater than or equal to 5 pack years also ineligible.

Power Calculations
Sample size calculations for the primary outcomamfgined symptom and medication score) were
performed based on raw data from a previous cliiita of subcutaneous grass pollen immunotherapihe

power calculation was conservatively based on #tedtion of a clinical effect size 80% of that rapd in that
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trial. Using this method and a two-sided non-partaiméest based on a Monte Carlo approach, groompka
sizes of 35 and 35 achieved 90% power to detedt audifference in AUC of the combined symptom and
medication scores at a significance level of .0% nfake allowance for the unknown distribution o firimary
outcome and based on the lower bound for the asptiopelative efficiency of the Mann-Whitney U teste
sample size was increased by a further 15% to 48@agh arm. Further accounting for a post-randoipizat
dropout rate of up to 10% consistent with previtigs of grass pollen immunotherapy, a total sangite of

90 (45 each arm) was estimated as required.

Skin Biopsy Randomization

In August 2013, the King’s Clinical Trial Unit raachly selected participants to be approached to
undergo skin biopsies. The first 40 participant®wbnsented then underwent biopsy. Also in Aug04132 all
participants were randomized a second time to dribree groups for repeat intradermal allergendipams at
seven, ten or thirteen months after the final oeranal immunotherapy or control injection, to asséfow dose

intradermal allergen immunotherapy was associafddprolonged suppression skin responses.

Masking

All physicians, researchers, research nurses, maassessors and patients were blinded to treatment
allocation until primary and secondary analyseseweomplete. Active and control study medicationlsvia
appeared identical. Only the King’s Clinical Triahit randomization provider and the manufacturifgmacy
had access to blinding information. Unmasking cdagdperformed for emergencies only. To verify by

participants guessed whether they had receiveddtine or control intervention post-pollen season.

Procedures

Each active intradermal allergen injection contdid® Biological Units (BU) (33.3 SQ-U) é¢thleum
pratense soluble grass pollen extract (Aquagen'$@imothy, ALK Abello, Reading UK) in a 2@l volume
(i.e. 500 BU/ml (1666.7 SQ-U/ml)). Individual viafer each participant and each visit were pre-preghand
pre-labeled by Guy’s Hospital Pharmacy under GMRdins. In brief, Aquagen S® Timothy grass pollen
extract was reconstituted in manufacturer-supgifgent to the maximum recommended concentrati@0®
BU/mI (100’000 SQ-U/ml) i.e. 60-times final workirgirength; shelf life 6 months at 2@after reconstitution)
and 0.15 ml aliquoted into glass study vials. Athewisit for intradermal injection the investigatmtded 8.85 ml
of clinical grade 0-9% normal saline at ambientgerature to the vial corresponding to that paréinifs visit to

achieve a 60-fold dilution. Twenty microliters widen aspirated from this vial and administeredatiye The

2
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allergen required dilution on the day of adminittna, as the recommended shelf life of Aquagen™5Q
Timothy Grass Pollen extract at 500 BU/ml (1666Q-3/ml) is 14 days. The control intervention was
histamine only, administered at a concentratiod@d pg/ml for the 1st and 2nd injections. To help preser
blinding, histamine concentrations were reduce80tpg/ml for the 3rd and 4th injections, and dgYml for 5th,
6th and 7th injections. To match the grass polbetnaet dilution and preserve blinding, histamineswaso
aliquoted into study vials at 60-times final woristrength in 0.15 ml volumes, for dilution with88.ml of
clinical grade 0.9% normal saline immediately ptiminjection. Active and control study medicaticapeared
identical.

The injection site was alternated between left aghkt arms at each visit. Intradermal injectionsreve
administered in a 20l volume using a 29 gauge insulin syringe (BectackBson Micro-Finé). In the event
of an injection being administered too deeply (irgo subcutaneous tissue) to elicit an immediajection
‘bleb’ and subsequent characteristic wheal, thecitnpn was repeated 1 cm from the original sitdlokong an
intradermal injection participants were able toetan antihistamine to reduce the local itching swelling if

they so wished.

Study Outcomes

The primary outcome was a combined symptom andaagoin score during the grass pollen season (13th
May-31st August 2013, 111 days), as recommendedVbyld Allergy Organisation (WAQO) guidelines for
allergic rhinitis immunotherapy triaf$. Participants scored symptoms from 0 to 3 in theen¢sneezing,
blockage, and running), eye (itching, rednesssteand swelling), mouth and throat (itching andneiss), and
chest (breathlessness, cough, wheezing, and tgg)tn®aily rescue medication was scored as follows:
desloratadine, 5mg, up to 1 tablet daily (6 poduddly); olopatadine eye drops, 1 mg/ml, up to 1pdper eye
twice daily (1-5 points per drop, maximum 6 poidgsly); fluticasone nasal spray, 5@ per spray, up to 2
sprays per nostril once daily (2 point per spragximum 8 points daily); and prednisone, 5 mg pbletaup to
6 tablets daily (2 points per tablet, maximum lihtsodaily). Symptom and medication scores wergesged
as the Area Under Curve (AUC) for the entire gnasien season. Scores for symptoms (maximum 39tgoin
daily) and medications (maximum 32 points dailyyevaeormalized before combining as recommended &y th

WAO.1°



95  Safety

96  Adverse Events

97  Adverse events and side effects were recorded fhenfirst treatment injection throughout the studgardless

98  of severity or relation to study participation. Agprecaution against systemic allergic reactiohgaaticipants

99  were observed after the first injection for one h@nd if there was no systemic reaction, for 3@utes after
100  subsequent injections. In the event of experienai@yade 1 reaction, the observation period faor itigividual

101 remained at 1 hour after subsequent injections.

102 The following Adverse Events were anticipated aatreported:

103 1) Symptoms due to aeroallergen exposure i.e. nasakdfje, rhinorrhea, itching or sneezing; Itching,
104 watering redness or swelling of eyes; itching gméss of mouth/throat; breathless, cough, wheede an
105 chest tightness.

106 2) Transient discomfort from intradermal injections.

107 3) Appearance of an itchy edematous wheal with sudimgnerythema after intradermal injection.

108 4) Appearance of swelling (edema) within hours ofadgrmal injection.

109 5) Temporary discomfort, bleeding, bruising, swellatghe needle site following venesection.

110 6) Mild localised itching arising from skin prick tésty during screening.

111

112  Withdrawal criteria and stopping rules

113  The pre-specified criteria for discontinuation loé tstudy therapy (active or control) were as folow

114 1) Inability or failure to attend for intervention Wwih 3 weeks of previous allergen/histamine
115 administration.

116 2) Inability or failure to receive 7 or 8 injectionsthin the dates specified.

117 3) Two Grade 2 systemic reactions, or a single systeeaction of Grade 3 or above after administration
118 of study therapy. Systemic reactions were gradecbrding to the World Allergy Organization
119 criteria’;

120 a. Grade 1: symptoms of one organ system (cutanequsgrurespiratory tract, conjunctival,
121 gastrointestinal, other).

122 b. Grade 2: symptoms of more than one organ systesepr@r asthma symptoms/signs (cough,
123 wheezing, shortness of breath but <40% drop in pegkatory flow [PEF] or FEV1).

124 c. Grade 3: asthma symptoms/signs (with > 40% dropEBf or FEV1), upper respiratory tract
125 (laryngeal, uvula, tongue) edema with or withoudsir.

126 d. Grade 4: respiratory failure or hypotension withwathout loss of consciousness.
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4) An adverse event that, in the judgment of the [alanvestigator or the medical monitor, preserdad
unacceptable consequence or risk to the participant

5) An illness or infection not associated with the dition under study and that required treatment not
consistent with protocol requirements; or, if atjggpant developed an intercurrent illness thathie
judgment of the principal investigator in any wagtjfied discontinuation.

6) An inability or unwillingness to comply with theusty protocol, with the protocol deviations being
sufficient to jeopardize the participant’s well-bgior the integrity of the study.

7) Pregnancy occurring during study participation.

Pre-defined study stopping rules included the adetwe of five grade 3 reactions or a single grade 4

reaction.

Intradermal skin challenge testing

All patients underwent intradermal skin challengsting four months after the final intradermal rgjén
immunotherapy or control injection (September 20B3rticipants were then randomized to undergopaate
follow up test at either seven, ten or 13 montherldo assess persistence of late response suioprdss
comparing late phase response sizes in those wheekaived active intradermal immunotherapy ordbetrol
intervention. The procedure for the intradermahgthallenge testing and the dose of allergen usedidentical
to that for an active intradermal allergen immumodpy injection. In brief, grass pollen extract (BU,
equivalent to 33.3 SQ-U, of Aquagen $Qrimothy, ALK Abell6, Reading, UK) in a 2l volume of allergen
diluent was injected intradermally into the extaraspect of each forearm. A negative control inggcof 20pl
diluent was injected into the contralateral foreaRarticipants were asked to refrain from takinghégtamines
or oral steroids for a minimum of five days and tweeks beforehand, respectively. Early phase regsowere
measured 15 minutes after the intradermal injectitimle wheal outline was traced and transferred thto
patient record. Late phase responses were measitiee@4 hours by palpation of the outline of edefirtae area
of the late response was also traced and trandféordhe patient record. A single clinician perfednall
measurements under double-blind conditions. Théy eard late phase response areas were calculaded fr
scaled scanned images of the tracings with NIS Etgsnv4-2 software (Nikon Instruments). Early aai |

phase response areas were then compared in thdantmal immunotherapy and control arms at each piong.
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Skin biopsy

Forty participants (20 in each trial arm) were mamized to undergo 3 mm skin punch biopsies immebjiat
after measurement of late phase responses (ileo@4 after challenge) four months after completheir final
treatment injections, in September 2013. Biopsiesewcollected from both allergen challenged andedit
control sites. Local anaesthesia was achieved lidtttaine hydrochloride 10 mg/mL with adrenalineinl
200 000 (5 micrograms/mL). In the first 20 subjeti®psies were divided with a scalpel into twocgie and
one half piece was fixed in 4% paraformaldehydgri-Aldrich, Poole, UK) for 2 hours. In the resttbé
subjects, entire biopsies were processed for immistechemistry by fixation in 4% paraformaldehydeaom
temperature for 4 hours, After washing twice in 15%crose, biopsies were mounted in OCT embedding
medium (Bayer UK Ltd., Basingstoke, United Kingdoamd stored at -8C pending analysis. The remaining

unfixed half-biopsy pieces were cultured directly T cell analysis.

Analysis of T cells cultured from skin biopsies

Skin biopsy tissue was finely dissected and requdge in complete medium (RPMI supplemented with 10%
fetal calf serum, Penicillin (100 U/ml), Streptormyq100 pg/ml) and L-glutamine (2 mM) (all from Life
Technologies, Warrington, UK). Tissues were theltuced at 37°C in a humidified atmosphere contajriigo
CG; in the presence of IL-2 (50 U/ml). After 3-4 dags]ls were passed through a Qrf cell strainer to obtain
single cell suspensions and restimulated with imfizglll anti-CD3/CD28 antibodies for a further 3 day

followed by expansion for 4 days in the presenci.¢f.

Expanded T cells were stained with the viabilite dFluor®780 (eBioscience, Vienna, Austria) prmstirface
staining with anti-CD4 PerCP-Cy5.5 (BioLegend, Lond UK), anti-CD8 BV510 (BD Biosciences, Oxford,
UK), anti-CRTH2 PE (BioLegend), anti-CXCR3 BV421ligBegend), anti-CCR6 PE-Cy7 ((BD Biosciences)
and anti-IL-25 receptor AF647 (kind gift of Dr Arelv McKenzie). Samples were resuspended (FACSMpw
BD Biosciences) for flow cytometric analysis (FAC8iBur™, BD Biosciences). Data were analysed using

FlowJd™ v7.6 software (Tree Star, Inc., Oregon, USA).

For microarray studies, cells were activated fdrodirs with ionomycin (500 ng/ml) and phorbol 12-matate
13-acetate (PMA) (5 ng/ml) (both Sigma Aldrich). RNvas isolated from cell pellets using the miRN&&sy
mini kit and RNeasy MinElut¥ cleanup kit (Qiagen, Manchester, UK) accordingtie manufacturer’s
instructions. cDNA synthesis and amplification vpesformed with the Ovation PicoS!. WTA system V2 kit

(NUGEN, Leek, Netherlands) as per the manufacteii@structions. Purity and yield was then analyasihg

6
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the Bioanalyzer platform (Agilent, Stockport, UK)ndh NanoDrop” 2000 spectrophotometer (Thermo
Scientific, Loughborough, UK) respectively, befoaenplified cDNA was biotin-labeled with the NuGEN
Encoré" BiotinlL module according to the manufacturer'stmictions. Biotin-labeled cDNA was hybridized to
an lllumina Human HT-12 v4 Expression BeadCHipefore scanning with the iScahsystem (lllumina,
Essex, UK) untilising GenomeStudib software. Data analysis was performed with theteRaGenomics

Suite™ software (Partek Incorporated, Missouri, JISA

Immunohistochemistry

Immunohistochemical staining of skin biopsies wasfqrmed using the modified alkaline phosphatasé an
alkaline phosphatase (APAAP) method to stain faireaphils, neutrophils, CD4+ T cells, and CD3+ Tl<&®

In brief, 8-10 um thickness tissue sections were air dried ovetnih poly-L-lysine coated slides. For
immunostaining, slides were incubated at room teatpee in a humidified chamber with the primary rseu
mAb (neutrophil elastase, Dako, Ely, UK; eosinoph#jor basic protein, Abcam, Cambridge, UK; CD3 and
CD4, both Dako) suspended in 5% human serum/PB®rimtetermined optimzed incubation times. Sections
were then washed in PBS and incubated with ralbsttitnaouse Ig (Dako) for 30 minutes, then washedraga
Slides were then incubated with a third layer dfisle complexes of AP and mouse anti-APAAP (Serotec
Kidlington, UK) for 30 minutes, washed and develdpégth Fast Red (Sigma-Aldrich, Poole, UK) for ather

20 minutes. Sections were washed extensively in B&8re counter-staining with Harris’ hematoxylBOH,
Poole, UK) and mounted in glycerol gel. For negatbontrols, each primary antibody was substitutéd the
appropriate isotype-matched irrelevant mAb. Slisdese counted blind in random order by two observers
Allergen and diluent biopsy sections were evaludteth each subject. The total number of positivisosas
expressed as the number of cells per square miéinoé biopsy. Inter-observer variability was 78ssessed on
repeat counts of 19 slides. The difference betwibentwo counts was plotted against the mean oftwie
counts; all but one of the differences fell withino standard deviations of the mean differenceicatihg

satisfactory agreement between observers.

' The following link has been created to allow reviefvecord GSE72324 while it remains in privateista

http://www.ncbi.nlm.nih.gov/geo/query/acc.cqgi?tokersfsmgyxdgffod&acc=GSE72324
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Serum antibody measurements
Sera were analyzed for concentrationdblfeum pratense-specific IgG, 1gG4 and IgE, and IgE specific to the
major allergens Phl p 5 and Phl p 1 using a comialeassay system according to the manufacturer’s

instructions (ImmunoCAP', ThermoFisher Scientific, Horsham UK).
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Basophil Activation Test

Basophil activation tests were performed in 92 ipgants following administration of the final ianermal
allergen immunotherapy or control injection (Mayl3). Whole blood was collected and tested withimogrs

of sampling under blinded conditions by a singlevestigator (AG). Heparinized whole blood was
immunostained with anti-human CD3 PE-Cy7 (BD Biescies), CD294 PE (Miltenyi Biotec, Woking, UK),
CD203c PerCP-Cy5-5 (BioLegend), CD303 APC (MilteBiotec), CD107a Brilliant Violet 421 (BioLegend),
CD63 FITC (BioLegend) and isotype controls. Bastiphwere then stimulated with anti-human IgE (1000
ng/ml, positive control; Abcam) dPhleum Pratense extract (ALK Abelld) at 10 ng/ml and 100 ng/ml fab
minutes at 37C. Samples were then lyzed (BD FACS Lysing Solyti@D Biosciences), washed and
resuspended (CellFi¥, BD Biosciences) for flow cytometric analysis (F&Calibur™, BD Biosciences). Data
were analyzed using Flowdb v7.6 software (Tree Star, Inc., Oregon, USA), mgti on
CD3™*CD303*CD294°° basophils. Basophil activation was expression exsgntage CD63°, CD203E* or

CD1074%basophils of the entire basophil population.
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Supplementary Figure Legends

Fig E1. Effects of Intradermal Immunotherapy on Phl p 5- and Phl p 1-specific IgE

Levels of IgE specific for major allergens Phl p 5 and Phl p 1 before and after completion of seven
intradermal allergen or histamine control injections. P values for pre- and post-treatment comparisons
based on the Wilcoxon signed-rank test. P values for between group comparisons are based on

ANCOVA.

Fig E2. Flow cytometric analysis of CD4+ T cells from skin biopsy explants
Representative flow cytometry plots illustrating surface staining for CCR6, CXCR3 and CRTH2, gated on
skin biopsy-derived CD4+ T cells, in a participant who received histamine control (left) and a participant

who received grass pollen intradermal injections (right).

Fig E3. Heatmap showing expression of selected genes associated with Th1/Th2 phenotypes and

allergic inflammatory responses.

Fig E4. Basophil activation tests
Percentage of basophils staining positive for activation markers CD63 (A), CD107a (B) and CD203c
(C). Whole blood was stimulated under the conditions shown. P values are based on the Mann-

Whitney U test.

Fig E5. Immunohistochemistry analysis of skin biopsies

Comparison of allergen-induced inflammatory cell numbers in skin biopsies from intradermal
immunotherapy and control arm participants. Data shown indicate numbers of neutrophils (A), eosinophils
(B), CD3" cells (C) and CD4+ cells (D) in skin biopsies taken after diluent and Phleum Pratense intradermal
skin challenges in September 2013. Cells were stained using the APAAP method. Solid bars represent
median values. P values comparing diluent and allergen-challenged biopsies are based on the

Wilcoxon signed-rank test. P values for between group comparisons are based on ANCOVA.

Fig E6. Lymphangitis in a participant who received active intradermal immunotherapy. Photograph

taken 40 minutes after intradermal injection.

Supplementary Tables
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TABLE E1. Verification of participant blinding

Trial Arm
Patient Guess Trial Arm Intradermal Immunotherapy (n=44) Control (n=43)
Intradermal Immunotherapy (n=44) 22 22
Control (n=43) 22 21

At the end of the pollen season participants \agifilinding by guessing if they had received activeontrol treatment

12
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TABLE E2. Effect of Intradermal Immunotherapy on Primary and Secondary Outcomes (Intention-to-Treat); Missing data imputed

Intradermal
Immunotherapy Control Difference
(n=46) (n=47) (95% CI) P value
Primary Outcome Median (IQR)
CSMS during entire season 502 (333-841) 509 (365-738) 8 (-174.7 to 210.9) 91
Secondary Outcomes
Symptom score during entire season 335 (183-525) (T88-434) 61 (-7.8to0 123.2) 22
Medication Score during entire season 242 (116-405) 63 (229-482) -24 (-173.1 to 107.5) .39
CSMS Score during peak season 363 (232-570) 370%2932— -11 (-95.8 to 77.5) .80
Nasal symptom score during entire season 178 (13&)-21 131 ( 80—-200) 33 (0.3t0 68.5) .03
Mouth symptom score during entire season 39 (8-90) 14 (6-45) 11 (3.1to0 26.1) .05
Eye symptom score during entire season 79 (41-158) 8 (52-180) -7 (-20.0 to 3.0) 51
Lung symptom score during entire season 20 (3—- 32) (0220) 4 (-1.0to 15.3) A7
Nasal Allergic Symptoms measured by VAS 162 (107275 124 (66—166) 59 (-3.7t0 133.2) .02
Eye Allergic Symptoms measured by VAS 97 (37-197) (422169) 2 (-45.6 to0 49.0) .56
Global Evaluation of Symptom Scores 3 (2-4) 3 (1-3) (Ot 1) 43
Symptom Free Days 35 (19-53) 41 (23-61) -6 (-17 to 3) A5
No. days prednisone used during entire season 0 (0-0 0 (0-0) 0(0to0) .36
Medication Free Days 81 (65-93) 76 (56-94) 4 (-11.21t®) 22
Mini-RQLQ 16 (13-23) 18 (10-25) -0.3 (-4.2t0 3.7) .89
EQ-5D-5L 87 (83-94) 88 (81-94) 9 (-24.8 t0 43.6) .59

Data for primary outcome and all symptom scoresasgnt Area Under Curve values

Median difference between groups calculated byi&é Hodges-Lehmann.

P values based on stratified Mann-Whitney U teanh(Elteren's test) adjusted for stratification dast

P values for mini-RQLQ and EQ-5D-5L based on limaated model adjusted for stratification factors
Entire grass pollen season: 13 May-3 August 2023kReason: 12 June-26 July 2013.

CSMS: combined symptom & medication score, VASudisanalog scale

Mini-RQLQ: mini-Rhinoconjunctivitis Quality-of-LifeQuestionnaire, EQ-5D-5L: EuroQoL instrument
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TABLE E3. Frequency of Adverse Events reported from first intradermal allergen immunotherapy or control injection until end of pollen season

Intradermal Immunotherapy (n=46)

No. Participants

Control (n=47)

No. Participants

with 21 AE % Participants No. Events Event Rate (%) with 21 AE % Participants No. Events  Event Rate (%)
Any AEs 40 87 148 42 89 145
Serious Adverse Events 1 2.2 1 0.7 2 43 2 14
Tonsillitis 1 2.2 1 0.7 0 0 0 0
Overnight stay for Polysomnography 0 0 0 0 1 2.1 1 0.7
Extraction of infected dental plate 0 0 0 0 1 21 1 0.7
Relation of AE to treatment
Definite/Probable 3 6.5 15 10 6 13 14 9.7
Possible 0 0 0 0 0 0 0 0
Remote 30 65 68 46 34 72 70 48
None 32 70 65 44 34 72 61 42
AE withdrawals 0 0 0 0 0 0 0 0
Systemic Adverse Reactions 3 6.5 15 10 6 13 13 9.0
Generalised Pruritus 2 43 8 5.4 4 8.5 9 6.2
IgE-mediated lymphangitis 1 2.2 7 4.7 0 0 0 0
Light-headedness 0 0 0 0 2 4.3 2 1.4
Facial flushing/feeling hot 0 0 0 0 2 43 3 21
Systemic Adverse Reactions*
Grade 1 3 6.5 15 10 6 13 12 8.3
Grade 2 0 0 0 0 0 0 0 0
Grade 3 0 0 0 0 0 0 0 0
Grade 4 0 0 0 0 0 0 0 0

Statistical comparison was by Fisher's Exact test for <5 events and Chi? test for >5 events.

*Classified using the World Allergy Organization grading system for systemic reactions to subcutaneous immunotherapy, Cox L et al. JACI 125:569-574, e567.
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Table E4. Microarray gene expression profiles of activated CD4+ T cells derived from skin biopsy explants

Gene P value Fold-Difference

Intradermal Immunotherapy down versus Control group

LOC100133042 .02 -1.80
CEP55 .03 -1.78
GFOD1 .00 -1.77
HIST2H2AB .04 -1.62
H2AFZ .02 -1.61
LOC730534 .01 -1.57
HSD17B4 .02 -1.57
HIST1H2AD .03 -1.56
HDAC1 .01 -1.55
CCL3L1 .03 -1.53
CALR .02 -1.52
CDCA5 .01 -1.52
PRDX5 .01 -1.51
FEN1 .02 -1.50

Intradermal Immunotherapy up versus Control group

EPSL5 .02 151
MYB .01 1.52
GK .03 153
RNASET2 .03 155
LOC729383 .02 1.56
GPR171 .00 1.59
LOC729387 .04 1.60
S.C11A2 .02 1.60
HS508682 .04 1.68
IL5 .03 171
GBP5 .05 1.79
TNFSF8 .01 1.79
TNIP3 .03 1.87
CENTA1 .05 211

290 Data anélyzed by 3 way-ANOVA model.





