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Abbreviations:

Flagellin (FLA)

Human bronchial epithelial cell (HBEC)
Indoor dust (ID)
Lipopolysaccharide (LPS)
Pam3CSK4 (PAM)

Peanut (PN)

Peanut-specific IgE (PNsIgE)
Peanut-specific IgG1 (PNsIgG1)
Peanut-specific IgG2c (PNslgG2c)
Toll-like receptor (TLR)

Capsule summary:
Toll-like receptor ligands in indoor dust act asiemnmental adjuvants to promote sensitizatiomtwaled peanut in mice.

The timing of exposure to environmental adjuvaatative to peanut is a determinant of peanut alldeyelopment.
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To the Editor:

Peanut (PN) allergy is a common and potentialgifreatening disease that typically arises dusity
childhood due to a combination of genetic and emvitental factors. There is growing evidence thatom@l exposure to
environmental PN in indoor dust (ID) via the reapiry tract or skirf is a risk factor for PN allergy development. We
previously reported that exposure to PN in comlmnatvith ID, but neither alone, induced PN-specifig& and IgG1,
resulting in anaphylaxis upon PN challehgehe components of ID responsible for its adjuvantivity remain unclear.
Building on our previous findings, we aimed to defthe environmental agents in ID that promotegiltesensitization
to PN, and how the timing of adjuvant exposureuiefices PN allergy development.

To identify potential environmental adjuvants ¥ |we screened dust samples from four homes foowsiri
immunostimulatory agents, including proteageglucans, endotoxin, and bacterial DNA. All of ihemunostimulatory
agents assayed were detected in IDs, albeit ahlarievels between homes (Figure 1A). To deterifilizs differed in
their adjuvant activity, we investigated the akilif ID to promote airway sensitization to PN irr eoouse model.
C57BL/6J mice (age 6-12 weeks) were exposed to RINIB* (10 pL of 100 mg/mL extract) or environmental adijots
via oropharyngeal aspiration twice weekly for 14siésee Supplemental Information and Table S1dditmnal details).
On day 14, serum was collected for measuremeniesgecific immunoglobulins (PNsl)To focus on the adjuvant
activity of ID, we used IDs that contained low lssef ambient PN protein (<250 ng/mL), which alamere insufficient
to induce PN sensitizatibriDs varied in their ability to induce PNsIgE, R§S1 and PNslgG2c (Figure 1B), suggesting
that the adjuvant activity of ID is household-degemt. To investigate if IDs have variable adjuvactivity in the human
respiratory tract, we treated air-liquid interfacgtures of primary human bronchial epithelial s HHBECs) with
different IDs. IDs induced differential productiofithe innate cytokine IL-d (Figure S1A), which is important for
priming allergic responses in the airwayBaken together, these findings indicate thagttjavant activity of ID varies
between households, possibly due to differing Eweélenvironmental adjuvants within the home exposo

We next sought to identify what immunostimulatogeats in ID were responsible for adjuvant activitypur
airway sensitization model. Because ID1 demoregirtiie greatest adjuvant activity based ondlpfoduction from
HBECs and PN-specific immunoglobulimsvivo, we used this ID for all subsequent experimentsddtermine if
proteases were necessary for ID adjuvant actiwityheat-treated ID to abolish protease activitgFé S2A). Co-
exposure to heat-treated ID and PN induced sligbtler levels of PNsIgE but similar levels of PNSI (Figure S2B).

Mice sensitized with heat-treated ID and PN alsgeltged anaphylaxis (as indicated by decreasedbmmhe
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temperature) after intraperitoneal challenge with Rdicating that protease activity was not neagsfor ID adjuvant
activity. Next, the importance @tglucans was investigated usiGtec7a’™ mice, which lack th@-glucan receptor
Dectin-1.Clec7a’” and wild-type C57BL/6J mice sensitized with PN-Bmonstrated similar levels of PNsIgE,
PNslIgG1 and anaphylaxis severity following PN adradje (Figure S2A). Furthermofeglucanase treatment of ID also
failed to abolish adjuvant activity (Figure S2Bjdicating thap-glucans were dispensable for ID adjuvant activiipce
endotoxin and bacterial DNA are present in dustaedT oll-like receptor (TLR) ligands, we investiga if TLR
signaling was necessary for the adjuvant activitfjpo Because all TLRs except TLR3 signal througl &dapter protein
MyD88, we examined the ability of ID to induce séimation inMyd88'~ mice.Myd88'~ mice sensitized with PN+ID
did not produce PNsIgE or PNsIgG1 and failed tetrepon PN challenge (Figure 1C), indicating that adjuvant
activity of ID is MyD88-dependent.

To determine if MyD88-dependent TLR ligands werfisient to induce sensitization to PN, we co-exgbs
wild-type mice to PN and 5 pg unmethylated CpG dieotides (CpG, TLR9 agonist), 100 ng lipopolysacate (LPS,
TLR4 agonist), 1 pg Pam3CSK4 (PAM, TLR1/2 agomist] pg flagellin (FLA, TLR5 agonist). Co-expostioePN and
either LPS, PAM or FLA resulted in significantlycireased PNsIgE levels compared to PN alone (FRAyePN with
LPS or FLA also led to increased PNsIgG1. Co-exposu PN and CpG did not significantly induce PNsEnd
PNslgG1, but stimulated robust production of PNdg@-igure 2A). Despite differences in the type®Nfspecific
immunoglobulins induced, all mice developed anagkiglupon PN challenge (Figure 2A), indicating tt@aexposure to
TLR ligands and PN was sufficient to induce ainsawpsitization to PN. While we cannot exclude thesfimlity that
impaired IL-1/1L-33 signaling itMyd88'~ mice also contributed to decreased PN sensitizaior results suggest that
MyD88-dependent TLR ligands in ID are an importsmirce of adjuvant activity.

There are conflicting reports regarding the rolenafrobial exposure and atopy. Epidemiological isidhave
suggested that exposure to endotoxin and otheobiadrproducts confers protection against asthnasaaopy.

However, LPS and other TLR ligands have also beparted to promote allergic sensitization to intiaatigen$ . To
determine if a “high microbe” environment was pobiee against sensitization to peanut, we added (1R8)) or CpG (5
pg) to ID and delivered this with PN to the airwafsnice. Remarkably, LPS enhanced ID-induced PR sigd
PNsIgG1 production and anaphylaxis upon PN chadldRggure 2B), indicating that co-exposure to PN aricrobial
products promoted allergic sensitization to PNedestingly, the addition of CpG trended towardseased PNsIgE and

PNslgG1, but was not statistically significant (fig 2C). Previous studies have shown that expaslWBS can induce
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regulatory mechanisms that suppress allergic resgsompon subsequent exposure to house dust reitgeadl To
determine if the timing of microbial exposure sianly impacted systemic sensitization to PN, we fisposed mice to
LPS (100 ng) or CpG (3 ug) three times weekly #days, which was followed by sensitization to PDN-#k described
above. Pre-treatment with LPS or CpG prior to PNekXposure significantly decreased serum PNslgGlaaaghylaxis
severity (Figure 2D). Thus, the timing of microbédposure relative to PN appears to be an impodeterminant of PN
sensitization.

Overall, these results demonstrate that co-expdsugavironmental PN and TLR ligands in ID promaiéisrgic
sensitization to PN. In contrast, exposure to Tigards in the absence of PN protects against allsgpsitization upon
subsequent PN exposure. Thus, the timing of expdsufLR ligands appears to determine whether expd®
environmental food antigens leads to tolerancdlergy. Our findings may help explain why some $&sdshow either no
or even contradictory effects of endotoxin exposareisk for food sensitization or allefy For example, endotoxin
levels in household dust were inversely associaittdegg and overall food allergy, but not pearigrgy, in an inner
city cohorf. In contrast, a large cross-sectional study fahatl household endotoxin levels were positivelyeisged
with sensitization to egg and milk, but not pedndthese studies and our findings highlight the e role of the
environment in food allergy development, which ljkdepends not only on the levels of TLR ligandd food allergens
within the indoor exposome, but also the route ratative timing of exposure to these agents ducimgihood
development. Since TLR ligands are ubiquitous indOr findings suggest that reducing environmeRtdllevels prior to
dietary introduction may decrease the likelihoodPbf sensitization in at-risk infants. Future stedibould investigate if
reduction of environmental PN levels in the homa feasible and effective strategy for mitigating &lergy

development in children.
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Figurelegends

Figure 1. The adjuvant activity of ID is MyD88-dependeAt. Measurement of environmental adjuvants in ID (n84
Immunoglobulin levels in C57BL/6J mice (n=6 pergpd sensitized to inhaled PN and ID from four honizs
Immunoglobulin levels and PN challenge outcomé#/hor Myd88’ mice (n=6-7 per group) sensitized with PN and
ID. *P<0.05, **P<0.01, **P<0.001, ****P<0.0001. Gmparisons in B were performed by one-way ANOVA.
Comparison of immunoglobulin levels in C were parfed by Student’s t test. Comparisons of peanuterige

outcomes in C were performed by 2-way ANO\RY, peanut)D, indoor dust

Figure 2. Co-exposure to TLR ligands and peanut promotestasi®n whereas pre-exposure to TLR ligands ptste
against peanut allergg.: Immunoglobulin levels and PN challenge outcome85%7BL/6J mice (n=5 per group)
sensitized to inhaled PN and either CpG (5 ug),3&8K4 (PAM, 1 ug), flagellin (FLA, 1 ug) or LPS @0g).
Comparisons are between each group and8”8L. Immunoglobulin levels and PN challenge outcomeS57BL/6J
mice (n=6 per group) sensitized to inhaled PN &nhdlbne or supplemented with either LPS (1 B)gor CpG (5 pnge).
D: Immunoglobulin levels and PN challenge outcome@85%7BL/6J mice (n=5-9 per group) pretreated fare2ks with
PBS, LPS (100 ng) or CpG (3 ug) and then sensitzéthaled PN and ID. Statistical comparisonsteteveen each
group and PBS/PN+ID. *P<0.05, **P<0.01, **P<0.00%*P<0.0001, Comparisons of immunoglobulin levelere
performed by one-way ANOVA. Comparison of PN chadle results were performed by two-way ANOVY, peanut,

ID, indoor dust
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Methods
Mice

C57BL/6J mice were obtained from the Jackson Ldbdes (Bar Harbor, ME) and bred at the University
North Carolina (UNC) at Chapel HilClec7a’ mice (B6.129S6) were obtained from Jackson Labdest (Bar Harbor,
ME), andMyd88” mice (B6.129P2) were obtained from the Doerschbkalt UNC. All mice were housed in specific
pathogen-free conditions, raised on standard mchee free of any peanut ingredients, and kept d2:42-hour
light/dark cycle MyD88" mice additionally received sterile chow and seeaitidified water. Female and male mice
between 6 and 12 weeks of age were used for expetsmAll animal experiments were approved by tistitutional

Animal Care and Use Committee at the Universitiofth Carolina at Chapel Hill under protocol 18-074

Reagents

Unmethylated CpG DNA, Pam3CSK4 (PAM) and flage{kitLA) were from Invivogen (San Diego, CA);
lipopolysaccharide (LPS) was from Sigma (St. LoM8)). Each TLR ligand was purchased as a lyophdlizgewder.
Stock solutions were prepared with PBS and stare208C. For animal treatments, the TLR ligandsendiluted under
sterile conditions and mixed with peanut (PN) andidoor dust (ID) as indicated below. In all caseeatment solutions
were warmed before oropharyngeal (0.p.) administiat

Peanut extract was prepared from roasted de-fptadut flour (Golden Peanut, Alpharetta, GA) byeaums
extraction in PBS as described previolslp extracts were prepared as previously descfilriefly, bulk vacuum dust
samples were collected from single-family homesstamples were passed through a coarse sieveny280),
weighed and then extracted at 100 mg/mL with PB& @twith mild agitation for 16 hours. The samphese
centrifuged to remove insoluble debris, and suganta were sterilized by passage through a 0.2&Ifem

Endotoxin was measured by ToxinSensor Endotoxie®@iemn System (GenScript, Piscataway, NJ); badteria
DNA by qPCR using primers specific for bacterikasomal DNA; B-1,3-glucans by Glucatell® Kit (Associates of Cape
Cod Inc., East Falmouth, MA); and proteases by fellbProtease Assay (measured as trypsin equivalents, G
Biosciences, St. Louis, MO). Indoor dust extractsenaliquoted, stored at -80°C, and discarded aftee than two
freeze-thaw cycles. Total peanut protein in dustpas was measured using the Veratox for Peanatgdh Assay

(Neogen, Lansing, Ml).



Separate batches of ID were used to create probefisgiucans depleted IDs. To remove protease activity
extracted dust was heated to 95°C for 30 minutesiegradg-glucans extracted dust was treated at room temyera
with 100 U of endd@-(1,3)-glucanase (Megazyme; Bray, Ireland) and sgiently heated to 65°C for 30 minutes to
inactivate the end@-(1,3)-glucanase. As a control, heat inactivatetbdii(1,3)-glucanase (65°C for 30 minutes) was
used to similarly treat an ID sample. In each daewing heating, IDs were centrifuged to remoxeadluble

precipitants.

Peanut airway sensitization and challenge model

Mice were lightly anesthetized with isoflurane itdteon and given 0.05-50 pg of PN with ID, or elwimental
adjuvants (as outlined in Table S1) in a total woduof 50 pL by o.p. aspiration twice weekly for tweeks as previously
described Briefly, mice were lightly anesthetized with ikofine and then vertically suspended by the maadibla
specialized rodent intubation device. The tongus tlvan extended with forceps and the agent wassitedan the oral
cavity using a pipette. The tongue was kept exténuil the animal inhaled several times, resultmdissemination of
the agent in the peribronchial and alveolar regifrthe respiratory tract. A limitation of this rhed is the minor
possibility that antigen can be taken up in thé caaity rather than inhaled into the lungs. Fatpatment experiments,
mice were administered CpG or LPS (0.p.) threegiper week for two weeks prior to the two week gizagion with
PN+ID.

Serum was collected three days after the finaliszatson by submandibular bleed and used for imaglobulin
guantification. One week after the final sensitimat mice were challenged to peanut (6-8 mg pryteyrintraperitoneal
injection. Core body temperatures were monitorezhye®5 minutes for one hour with a rectal thermané®Physitemp,

Clifton, NJ).

ELISA protocol for PNsIgE, PNsIgG1 and PNslgG2c

Peanut-specific IgE, IgG1 and IgG2c were quantifiedELISA as described previouslBriefly, 96-well plates
were coated with 20 pg/mL HSA-DNP (for standardres) or peanut extract (for samples) and subselgudntked
with 2% BSA in PBS-0.5% Tween. Samples were dildt& for peanut-specific IgE ELISAs, 1:20,000 peranut-
specific IgG1 ELISAs 1:10,000 for peanut-specifiGRc ELISAs. Standard curves were generated witlsetgE anti-

DNP, IgG1 anti-DNP or IgG2a anti-DNP (Accurate Cleats, Westbury, NY) ranging from 0.002 to 2 pg/ndE



plates were detected using the following antibodiesiccession: sheep IgG anti-mouse IgE (0.5 pgihe Binding
Site, Birmingham, UK), biotinylated donkey anti-spedgG (0.5 pg/mL, Accurate Chemicals), and NeuitfvHRP
(0.5 ng/mL, Pierce Biotechnology, Waltham, MA). h@lates were detected with HRP-goat anti-mousd. (110,000
Southern Biotech). IgG2c plates were detected gittiter HRP-goat anti-mouse IgG2a for standard cu¢te20,000,
Southern Biotech, Birmingham, AL) or HRP-goat antiuse IgG2c for samples (1:20,000, Southern Bigtedhplates
were developed using TMB (SeraCare, Milford, MAppped using 1% HCI (SeraCare) and read at 450ging @&

microplate spectrophotometer (BioTek, Winooski, VT)

Human bronchial epithelial cell (HBEC) culture

Primary human bronchial epithelial cells (HBEC®)nfrfive normal donors (non-smokers and non-astlosiati
were obtained from the Marsico Lung Institute Tesfuwocurement and Cell Culture Core following oasgage (UNC
IRB 03-1396). Cells were expanded further on cefagoated T75 plates in bronchial epithelial gromtdia
(PneumacCult-EX Stemcell Vancouver, Canada) forgassage then moved to culture inserts (24 mm detlyester
0.4um pore size; Costar 3450, Fisher Scientific). Whilbmerged, the HBECs were allowed to expand tuznce
then shifted to airliquid interface (ALI) conditions. ALI cultures we maintained until the HBECs were fully
differentiated as judged by the ability to visual@lia driven movement of the mucus layer undiégte microscope,
typically >2 weeks. To assess the innate cytokésponse, 10% (v/v) ID was applied to the apicdlszeface of fully
differentiated HBEC cultures from each of the fdenors. Four hours later, apical washes were deliefor cytokine

analysis. Measurement of human cytokines was pagdrusing ILL110 ELISA kits (R&D Systems).

Satistical analysis
GraphPad Prism version 8 was used for all dataysisalStudent’s tests, and one- or two-way ANOVA tests

were performed, and a P value < 0.05 was considagedicant.



Figurelegends

Supplemental Figure 1. A: IL-1a production by HBECs (n=3-5 donors per ID) stimethtvith ID. Comparisons are

between each ID and PBS.

Supplemental Figure 2. A: Protease activity in ID and heat-treated B2 Immunoglobulin levels and PN challenge
outcomes in C57BL/6J mice (n=6 per group) sensitizith inhaled PN and ID or heat-treated ID to &oprotease

activity.

Supplemental Figure 3. A: Immunoglobulin levels and PN challenge outcomesild-type (WT) orClec7a” mice
(n=6-8 per group) sensitized with inhaled PN andBDimmunoglobulin levels and PN challenge outcomeS%7BL/6J

mice (n=6 per group) sensitized to inhaled PN ati@&elD or glucanase-treated IBN, peanut)D, indoor dust
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Table S1. Sensitization details for each experiment

Mousestrain Pretreatment Treatment Peanut | Figure
C57BL/6. - PN+ID1, 2, 3, or 50Cng | 1B
C57BL/6. - PN+ Heated ID op-glucanase treated 50 ug S2E,

S3B
C57BL/6J oiClec7a™ | - PN+ID1 50 ug S3A
C57BL/6J oMyd88” | - PN+ID1 500ng | 1C
C57BL/6. - PN+CpG (5 ug), PAM (1 ug), FLA (1 pg), or LI 50 ng 2A
(100 ng)
C57BL/6. - PN+ID1+CpG (5 ug) or LPS (1 p 50 ug 2B, 2C
C57BL/6. CpG (3 png) o | PN+ID1 50 ng 2D

LPS (100 ng)




