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SUMMARY

Development of therapies with the potential to change the allergic asthmatic disease course will require the
discovery of targets that play a central role during the initiation of an allergic response, such as those involved
in the process of allergen recognition. We use a receptor glycocapture technique to screen for house dust
mite (HDM) receptors and identify LMAN1 as a candidate. We verify the ability of LMAN1 to directly bind
HDM allergens and demonstrate that LMANT1 is expressed on the surface of dendritic cells (DCs) and airway
epithelial cells (AECs) in vivo. Overexpression of LMAN1 downregulates NF-kB signaling in response to in-
flammatory cytokines or HDM. HDM promotes binding of LMAN1 to the FcRy and recruitment of SHP1.
Last, peripheral DCs of asthmatic individuals show a significant reduction in the expression of LMAN1
compared with healthy controls. These findings have potential implications for the development of therapeu-

tic interventions for atopic disease.

INTRODUCTION

Allergic sensitization is strongly correlated with the development
of atopic diseases such as allergic asthma. Current estimates
report that >70% of asthmatic individuals are sensitized to at
least one allergen, with house dust mite (HDM) being the most
common sensitizer. While impressive progress has been made
in the development and translation of novel biologics for treat-
ment of asthma (Omalizumab [anti-immunoglobulin (Ig)E],"~"°
Mepolizumab [anti-interleukin(IL)-5],"'~'* Reslizumab [anti-IL-
5],'“?° Benralizumab [anti-IL-5Ra],'*?"** and Dupilumab
[anti-IL-4Ro]**2°), use of such agents are limited to individuals
with severe asthma whose disease remains uncontrolled with
mainstay therapies and only if they meet certain treatment
criteria (high IgE levels or high eosinophil levels). These current
biologics, as well as many that are still in development, focus
on T helper 2 (Th2) high disease, targeting mediators central to
sustaining the type 2-driven asthmatic disease process. Thus,
despite the efficacy of these therapies for most asthmatic indi-
viduals who fall within this endotype, the limitations of use,
high cost, and clinical non-responsiveness of a significant pro-
portion of patients who meet the treatment criteria, underscore
the need for identifying new drug targets for this chronic inflam-
matory disease.

Most therapies under development target mediators pro-
duced late in the allergic asthmatic response with the goal of
alleviating asthmatic symptoms. However, there is evidence to
suggest that interfering with events that occur early during the
allergic cascade have a significant impact on modulating the dis-
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ease course and even have the potential to be curative. In sup-
port of this, allergen immunotherapy (AIT), which has been
demonstrated to act at the level of the dendritic cell (DC) to pro-
mote the development of regulatory T cells (Tregs) or T helper
type 1 (Th1) cells instead of Th2, can result in long-term remis-
sion (essentially curative).?” Similarly, anti-TSLP therapy (Teze-
pelumab by AstraZeneca and CSJ117 by Novartis),”®>" which
also interferes with early events during allergic sensitization,
has shown remarkable efficacy in clinical trials, resulting in signif-
icant and clinically meaningful decreases in annualized asthma
exacerbation rates as well as decreased blood and sputum
eosinophil levels, fraction of exhaled nitric oxide (FeNO) and
serum IgE.*° Like AIT, anti-TSLP therapies also work by modu-
lating the phenotype and function of DCs, in turn, affecting the
subsequent T cell polarization. These studies suggest that inter-
fering with early allergen sensitization events, such as those
occurring at the level of the DC, are likely to be efficacious.
One of the earliest steps in this process is the recognition of
allergens.

Initial binding of allergens is mediated by airway epithelial cells
(AECs) and DCs. Upon exposure to allergens, AECs release the
alarmins IL-25, IL-33, and TSLP, which play pivotal roles in acti-
vating DCs and imparting a DC phenotype that can prime naive
CD4* T cells toward the Th2 lineage.®>” Such alarmins also
function to enhance and sustain Th2 function. Both AECs and
DCs (specifically, type 2 conventional DCs [cDC2s]) as well as
the interaction between these cell types, have been shown to
be essential in driving sensitization to HDM.**™** Given the key
functions of DCs in recognition of allergens, integration of
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environmental cues (from AECs, basophils, ILC2s, etc.) and
serving as a bridge to adaptive immunity, we have chosen to
focus on this particular cell type.

While immune sensing of bacteria, viruses, and fungi are
almost exclusively mediated by the recognition of pathogen-
associated molecular patterns by pattern recognition receptors,
the same cannot be said for allergens. Numerous studies have
been performed to identify molecular or biochemical features
shared by multiple allergens that might point to a common
mode of allergen recognition. However, such efforts have been
met with limited success. More recent research indicates that al-
lergens such as HDM appear to be sensed through a wider array
of mechanisms that include the activation of protease activated
receptors (PARs),*>~*® triggering of pathways involved in sensing
cellular stress or damage (endoplasmic reticulum [ER] stress
response, mechanosensing, release of ATP),*°~°" and the activa-
tion of sensory neurons.®® Thus, the lack of one main ligand or
molecular pattern combined with the unpredictability of potential
receptors used, has made targeting the process of allergen
recognition somewhat arbitrary. In this work, we use an unbiased
receptor glycocapture technique that can incorporate a complex
ligand mixture such as HDM to identify receptors for this allergen
on DCs. By validating our findings using biochemical, in vitro,
in vivo, and ex vivo systems, we propose that such unbiased ap-
proaches are not only feasible but may be necessary to identify
mechanisms of allergen recognition that, in the future, may be
therapeutically targeted in the setting of allergic disease.

RESULTS

Identification of LMAN1 as a candidate receptor for HDM

In order to identify receptors for HDM, we used CaptiRec, an
unbiased ligand-receptor glycocapture technique.®® HDM
(experimental ligand) and transferrin (control ligand) were each
separately conjugated to the TriCEPs reagent. THP-1 human
monocytic cells differentiated into DC cells®® were mildly
oxidized prior to incubation with TriCEPs conjugated ligands to
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Figure 1. Ligand-receptor capture (LRC)-Tri-
CEPs platform identifies LMAN1 as a candi-
date receptor for HDM

Control (transferrin) or experimental (HDM) ligand
was conjugated to TriCEPs reagent and allowed to
bind to mildly oxidized THP-1 DCs for receptor
capture. Cells were washed and pellets sent to
DualSystems for purification of complexes, mass
spectrometry, and downstream analysis. Volcano
plot showing the receptors identified for transferrin
(left) and HDM (right). LMAN1 and CD36 were
identified as candidate receptors for HDM. THP-1
DCs: THP-1 cells differentiated into a DC lineage.

allow for receptor capture. Cells were
then washed and pellets sent out for
purification of receptor-ligand comple-
xes and mass spectrometry analysis
(DualSystems). The volcano plot indicates
identified receptors for each ligand with
those falling within the white area consid-
ered as likely candidate receptors and those falling within the
gray area as unlikely (Figure 1). Successful identification of the
transferrin receptor (TFR1) using the control ligand transferrin
confirms the technical soundness of the assay (Figure 1, left
side of volcano plot) while use of the experimental ligand HDM
led to the identification of lectin, mannose binding 1 (LMAN1),
CD836, and F205C as candidate HDM receptors (Figure 1, right
side of volcano plot). Of these, LMAN1 and CD36 were consid-
ered as highly likely based on fold enrichment and number of
peptides identified (Figure S1). For proteomic analysis, at least
two peptides are required for confident identification of proteins
and for this reason, F205C was considered an unlikely candi-
date. Given that CD36 had previously been described as a re-
ceptor for phosphorylcholine moieties on HDM,"® subsequent
studies were focused on verifying LMAN1 as a bona fide HDM
receptor.

LMAN1 binds to HDM allergen extract and purified major
HDM allergens on the cell surface

To validate LMANT1 as a true receptor for HDM, FLAG-tagged
LMANT1 was overexpressed in HEK293 cells and affinity purified
prior to use in a binding assay with increasing amounts of Derma-
tophagoides pteronyssinus extract (D. pter) or with the major
HDM allergen Der p 1. This resulted in a significant amount of
interaction for both D. pter and Der p 1, which occurred in a
dose-dependent fashion (Figure 2A). LMAN1 is more widely
recognized as a cargo receptor, shuttling a select group of pro-
teins between the ER, ERGIC and Golgi.”® To confirm whether
LMANT1 also transits to the cell surface for interaction with
HDM, we performed confocal microscopy on unpermeabilized
dendritic cells and observed colocalization between LMAN1
and the HDM allergen Der p 1 at discrete regions on the cell sur-
face (Figure 2B). Additionally, it has been reported that LMAN1
exists endogenously as homohexamers.®” Thus, we also con-
ducted a series of cellular binding assays to confirm interactions
between oligomeric LMAN1 and HDM. Murine DC2.4 dendritic
cells or human THP-1 monocytic cells were virally transduced



Cell Reports

¢ CellP’ress

D>
@ @
\*é‘.’;oio{\ oé:}o"’ D pter Derp1
kKK ok dkk
£ £, Il LMAN1
S S ] ova
< 2- Q2 okokeok
8 Kook g2
stain-free b g
total 844 | | 8
50 wu | protein ] B N 14 k%
gel 2|5 g |
< <
0—— T 0=
D pter (ug/ml) 0 01 1 10 Derp1(ug/ml) 0 01 1 10
LMAN1 + + + + LMAN1 + + + +
FLAG
LMAN1

(o DC2.4 binding to D pter DC2.4 binding to Der p 1
_ sHokeseok - Aokokok
g1 25000 = 15000
21 unstained 20000 8 unstained
g o] E 10000
=° LMAN1 shRNA — 15000 E LMAN1 shRNA T
8o ] s =
| empty vegtor control 10000 empty vector control 5000
A LMAN1 overexpression 5000 LMAN1 gverexpression
10° 162 1é3 1;’14 1;'\5 165 1672 0 10! 16: 102 104 16: 165 1072 0
X & amount Der p 1 bound X £ o
amount D pter bound &\eq_\;:éo & p & @Y@(}o &
B B
THP-1 binding to D pter THP-1 binding to Der p 1
. sokok 5 sokokok
15000 40000
- unstained * = unstained
£ 30000
LMAN1 shRNA _ 10000 LMAN1 shRNA
£ “e £ 20000 *ok
_empty vector control Edii N B empty vector control
LMAN1 overexpression i LMAN1 gverexpression 10000
0 2 10% 10 05 10 2 0 1102 103 10* 105 108 1072
amount D pter bound S o amount Der p 1 bound 0 NI
PO @ R a2
S ‘,}g~ & 3 e,g & °

Figure 2. LMAN1 binds to house dust mite (HDM) allergen extract and to purified major HDM allergens on the cell surface
(A) FLAG-tagged human LMAN1 was purified using an affinity resin. SDS-PAGE and western blot were performed to confirm the purity and identity of LMAN1. A

direct binding assay between LMAN1 and D pter or Der p 1 was p:

erformed by coating plates with purified human LMAN1 (black bars) or ovalbumin (white bars)

(legend continued on next page)
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with appropriate vectors to under or overexpress LMAN1. Total
and cell surface LMAN1 expression for each cell line was
confirmed (Figure S2). A flow cytometry-based cellular binding
assay between each of the cell lines and biotinylated HDM
extract or biotinylated HDM allergens was then performed. In
each case, for both the murine DC2.4 cell line and the human
THP-1 cell line, significantly less HDM was bound when cells
underexpressed LMAN1 and significantly more HDM was bound
when cells overexpressed LMAN1 (Figure 2C). This was true
whether total HDM allergens (D. pter) or purified allergens (Der
p 1) were used (Figure 2C). The same trend was also observed
when a different dust mite species was used (D. farinae, [Fig-
ure S3]). Altogether, these data suggest that LMAN1 can directly
bind to HDM allergens on the cell surface.

LMAN1 binds to HDM in a CRD-dependent manner

LMAN1 serves as a cargo receptor for various mannosylated
ligands®®®" and certain HDM allergens have also been demon-
strated to be mannosylated.®” LMAN1 is composed of an N-ter-
minal signal sequence (blue), a carbohydrate recognition domain
(CRD, purple), a helical or stalk domain (Helix, green), a trans-
membrane region (orange), and a short cytoplasmic region
(pink) (Figure 3A). In order to determine whether the CRD domain
of LMANT1 is responsible for binding to HDM, we transiently
transfected HEK293 cells with either wild-type (WT) LMANT,
LMANT1 lacking the CRD domain (ACRD), LMAN1 lacking the He-
lix domain (AHelix), or LMAN1 in which the N156 residue within
the CRD domain was mutated to alanine (N156A) (Figure 3A).
The N156 LMANT1 residue has been shown to be important for
binding calcium and binding of LMAN1 to various mannosylated
cargo has been demonstrated to be calcium dependent.®® Thus,
disruption of LMAN1 calcium binding indirectly impairs carbohy-
drate binding. Expression of each of these constructs was veri-
fied by SDS-PAGE and western blot and cell surface expression
of LMAN1 was also assessed by FACS (Figure 3A). Such cells
were then subjected to a flow cytometry-based binding assay
similar to Figure 2. We observed that when transfected LMAN1
lacked the CRD or was mutated at the N156 residue, binding
to D pteronyssinus extract was significantly reduced compared
with when WT LMAN1 was transfected (Figure 3B). Such reduc-
tion in binding was not observed when LMAN1 lacked the Helix
region (Figure 3B). A similar and even more significant trend was
observed when binding to Der p 1 was assessed (Figure 3B). This
would be in line with previous studies which report that Der p 1
(as well as other D. pteronyssinus allergens) are highly mannosy-
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lated.®® Altogether, these data suggest that LMAN1 binds man-
nosylated HDM allergens via its CRD.

Resident lung DCs and AECs express LMAN1

In order to determine whether expression of LMAN1 was relevant
to binding and/or uptake of HDM in vivo, we administered fluo-
rescent HDM intratracheally (i.t.) into naive mice. We observed
two populations of cells: an HDM' population and an HDM"
population (Figure 4A). When we additionally stained for
LMAN1, we discovered that LMAN1 was expressed largely by
the HDM" population, suggesting a positive correlation between
LMANT1 expression and efficient HDM binding and/or uptake
(Figure 4A). To determine the identity of these HDM™LMAN1*
cells, we performed flow cytometric analysis of different lung
cell populations. We found that LMAN1 was expressed at a
low level on alveolar macrophages and highly expressed on
various lung DC populations (cDC2s, cDC1s, and pDCs,
~95%) (Figures 4B and 4C). We additionally found LMAN1
expression on EpCAM* AECs (~80%) (Figure 4D). In order to
determine whether LMAN1 was also present on cells recruited
to the lung, we performed an HDM model of asthma and sub-
jected d14 BAL cells to FACs (Figure S4). We observed that
LMAN1 was present on a small (~15%) but distinct population
of T cells and a larger fraction of B cells (~37%) and neutrophils
(~42%) (Figure S4). These data demonstrate that LMAN1 is ex-
pressed basally on multiple cell types relevant to allergen
sensing in the lung, in particular, on lung DCs and AECs and
can also be found expressed on subpopulations of recruited
T cells, B cells, and neutrophils.

LMAN1 downregulates NF-«B activation in response to
inflammatory stimuli or HDM

In order to identify a potential function for LMAN1, we stimulated
each of the previously generated LMAN1 under or overexpress-
ing cell lines with or without HDM. We observed that when
LMAN1 was underexpressed, there was a trend for an increase
in the production of various inflammatory chemokines in
response to HDM compared with a control DC cell line (Fig-
ure S5). The inverse seemed to be true when LMAN1 was over-
expressed (Figure S5). Given that expression of many of these in-
flammatory chemokines is under the control of nuclear factor
(NF)-kB, we tested whether LMAN1 could downregulate NF-xB
activation using a dual-luciferase assay. We stimulated murine
3T3 cells or human HEK293 cells with the inflammatory cytokine
tumor necrosis factor (TNF)-a. to induce NF-kB activation and

and allowing biotinylated allergen to bind followed by incubation with Streptavidin-HRP, development and measurement of the resulting absorbance. A dose-
dependent binding of allergens to purified human LMAN1 was observed.

(B) DC 2.4 cells stably expressing HA-tagged mouse LMAN1 were allowed to bind biotin-Der p 1 for 45 min at 37°C. Cells were then washed and stained with
Streptavidin-A647 (Der p 1) and anti-HA A488 (LMANT1) in the absence of permeabilization. Cells were washed, fixed, and mounted overnight prior to confocal
analysis. Images were acquired at x63. Yellow areas (the most prominent are shown by arrowheads) indicate areas of colocalization. N indicates the nucleus.
Confocal analysis indicates colocalization of LMAN1 with Der p 1 at the cell surface.

(C) The murine DC2.4 dendritic cell line or human THP-1 monocytic cell line were transduced with the indicated lentiviral vectors to knockdown (shRNA) or
overexpress (oex) mouse or human LMAN1, respectively. The resulting cells were selected using Puromycin and LMAN1 cell surface and total expression were
verified by western blot and flow cytometry (S2). Biotinylated D pter or purified Der p 1 allergen were allowed to bind to the generated cell lines prior to secondary
staining with Streptavidin-Alexa647 and analysis by flow cytometry. Representative histograms for the binding are shown to the left, while quantification of MFl is
shown to the right. Data are represented as mean + SEM. A one-way ANOVA was used to assess significance *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. sh:
shRNA knockdown, oex: overexpression, D pter: Dermatophagoides pteronyssinus, Der p 1: Dermatophagoides pteronyssinus major mite allergen 1. Inde-
pendent experiments: (A): D pter (n = 4); (A): Der p 1 (n = 3); (C): DC2.4 D pter (n = 7) and Der p 1 (n = 7); (C): THP-1 D pter (n = 5) and Der p 1 (n = 5).
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Figure 3. LMAN1 binds to HDM in a carbohydrate recognition domain (CRD)-dependent manner

HEK293 cells were transiently transfected with either WT or mutant human LMAN1 constructs.

(A) Schematic of the different constructs used in the binding experiment and confirmation of total protein expression by SDS-PAGE and western blot and cell
surface expression by FACS.

(B) Following transfection, biotinylated D pter or Der p 1 was allowed to bind to the cells prior to secondary staining with Streptavidin-Alexa647 and analysis by
flow cytometry. Representative histograms for the binding are shown to the left, while quantification of MFl is shown to the right. Data are represented as mean +
SEM. A one-way ANOVA was used to assess significance. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. D pter, Dermatophagoides pteronyssinus; Der p 1,
Dermatophagoides pteronyssinus major mite allergen 1. Independent experiments: (B): D pter (n = 6), Der p 1 (n = 5).

then transfected in increasing amounts of LMAN1. For either
condition (mouse or human), we observed a significant dose-

cells with HDM for different timepoints and assessed activation
of NF-kB via SDS-PAGE and western blot. In the setting of

dependent reduction in NF-«B activation with increasing
amounts of LMANT1 transfected (Figure 5A). To confirm such ef-
fects also occurred when a relevant cell type and stimulus was
used, we stimulated LMAN1 overexpressing or control dendritic

LMANT1 overexpression, there was an appreciable reduction in
the phosphorylation of IkBa. when compared with the control
cell line (Figure 5B). When we stimulated LMAN1 knockdown
cells with HDM, the converse was observed (Figure 5B). In order
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Figure 4. LMANT1 is expressed on the surface of relevant cell types in the murine lung

(A) Alexa 647 labeled HDM (D pter) was intratracheally administered into naive mice. One day later, BAL was harvested and stained with either isotype controls or
anti-LMAN1. HDM" cells expressed LMANT.

(B-D) (B) Lung tissue was digested and APCs were enriched using Nycodenz gradients. FACS plots for identification of different APC populations and histograms
for expression of LMAN1 are shown. LMANT1 is expressed highly on lung cDC1 and cDC2 lung DCs and to a lower extent on alveolar macrophages. LMANT is also
expressed by (C) pDCs and (D) airway epithelial cells. For airway epithelial cell staining, lung tissues were enzymatically digested but no APC enrichment was
performed. Gray histograms represent fluorescence minus one (FMO) controls. (A)-(D): representative plots are shown for n = 3 experiments performed.

to determine whether the same might hold true for primary cells, -IkBea. and phospho -Syk (Figure 5C). Likewise, knockdown of
we stimulated WT BMDCs with HDM in the presence of LMAN1  LMANT1 in WT BMDCs using electroporated small interfering
blocking antibodies and observed enhancement of phospho RNA (siRNA) also resulted in increased activation of NF-kB
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(Figure 5D). Endotoxin is a known constituent of dust mite ex-
tracts. In order to determine whether the presence of endotoxin
was confounding the results, we also treated LMAN1 overex-
pressing or control dendritic cells with LPS for different time-
points and assessed activation of NF-kB via SDS-PAGE and
western blot (Figure S6B). Not only were the kinetics of activation
of the different NF-kB components different when compared
with activation with HDM (Figure S6A), we also failed to see a
reduction in NF-kB activation with increased levels of LMAN1,
suggesting that the regulatory effects of LMAN1 were specific
to HDM. Thus, increased LMAN1 can downregulate NF-«B acti-
vation in response to TNF-o stimulation in epithelial cells or in
response to HDM exposure in DCs, while knockdown or block-
ing of LMAN1 promotes NF-kB activation in response to HDM
exposure in DCs.

HDM promotes binding of LMAN1 to the FcRy and
recruitment of SHP1

The intracellular region of LMAN1 is extremely short (12 amino
acids). Aside from residues involved in ER exit and retention,
there are no obvious signaling motifs present. In order to deter-
mine whether LMAN1 uses signaling adaptors such as the FcRy
(FCER1G) to mediate negative regulation of NF-kB, we tran-
siently transfected HEK 293 cells with LMAN1 and FcRy and per-
formed reciprocal immunoprecipitation experiments. As seen in
Figure 6A, immunoprecipitation of LMAN1 via its HA tag was able
to pull down the FcRy. Likewise, immunoprecipitation of FCRy
via its FLAG tag was able to pull down LMAN?. In order to deter-
mine whether this interaction also occurs endogenously and
whether it could give us a clue into mechanisms used by
LMAN1, we stimulated control (empty vector) and LMAN1 over-
expressing (LMAN1 oex) DC2.4 cell lines with HDM and immuno-
precipitated the FcRy. We found that HDM stimulation promoted
binding of LMAN1 and FcRy at around 60 mins in control DC2.4
cells while LMAN1 and FcRy were already found to be associ-
ated when LMAN1 was overexpressed (Figure 6B). In addition,
the kinetics of LMAN1 binding to FcRy also coincided with the
recruitment of SHP1, a well-known negative regulator of many
FcRy and CLR-mediated pathways (Figure 6B). To determine
whether association with FcRy and SHP1 is a common mecha-
nism used by LMAN1 to downregulate other signaling pathways,
we also tested whether we could see interaction of these compo-
nents using tumor necrosis factor (TNF)-o stimulation of DC2.4

Cell Reports

cells. Indeed, we observed a transient interaction of all compo-
nents, albeit with a different kinetics compared with HDM (Fig-
ure S6C). Last, in order to see whether this interaction was
also occurring in primary cells, we treated BMDCs with HDM
and immunoprecipitated the FcRy (Figure S6D). Interestingly,
while we did observe this FcRy-LMAN1-SHP1 interaction in pri-
mary BMDCs, the complex appeared to be together basally and
dissociated upon HDM-induced NF-kB activation. As we hy-
pothesized the complex likely to associate again at later time-
points to help terminate the response, we performed an
extended stimulation (Figure S6D). Indeed, enhancement of the
FcRy-LMAN1-SHP1 complex was observed after overnight
stimulation (Figure S6D). Altogether, these data suggest that
LMAN1 and FcRy interact endogenously in a stimulus-depen-
dent manner and recruit SHP1 to downregulate activated
pathways.

LMANT1 cell surface expression is downregulated in the
peripheral DCs of asthmatic individuals compared with
healthy controls

Given our biochemical and cellular experiments indicating
LMAN1 binding to HDM, our flow cytometry experiments indi-
cating expression of LMAN1 on airway DCs and AECs in vivo
and the fact that a large proportion of asthmatic individuals are
sensitized to HDM, we sought to determine whether we could
detect changes in the cell surface expression of LMAN1 in pe-
ripheral DCs of individuals with asthma. FACs analysis was per-
formed on peripheral blood mononuclear cells (PBMCs) from
healthy and asthmatic individuals (Table S1) to determine the
expression of LMAN1 on the following populations: Basophils,
CD123* DCs, CD123-CD11c* DCs, Total CD11c* DCs, CD14*
CD16~ Monocytes, CD14"CD16* Monocytes and CD14~
CD16"* Monocytes. We observed a significant decrease in the
cell surface expression of LMAN1 on all DC populations
(CD123" DCs, CD123 " CD11c* DCs, Total CD11c* DCs) of asth-
matic individuals compared with healthy controls (Figure 7).
Importantly, this decrease in LMAN1 expression in asthmatic
individuals was not observed for basophils or any monocyte
population assessed (Figure 7). To assess whether similar trends
existed for lung resident cells, we additionally probed a publicly
available single-cell RNA-sequencing dataset®*® (https://www.
lungcellatlas.org/)®® for LMAN1 expression. When comparing
expression in cells from the lower airway, LMAN1 expression

Figure 5. LMAN1 downregulates NF-kB activation in response to inflammatory stimuli or HDM

(A) 3T3 or HEK293 cells were transfected with NF-kB reporters and increasing amounts of mouse or human LMAN1 in the absence or presence of TNF-a
stimulation. NF-kB activity in response to TNF-o was decreased by LMANT1 in a dose-dependent manner.

(B) DC2.4 empty vector, LMAN1 overexpressing (oex) or LMAN1 knockdown (sh) cells were stimulated with HDM for the timepoints indicated and lysates were
subjected to SDS-PAGE and western blot to assess modification of signaling pathway components. Overexpression of mouse LMANT1 inhibits activation of NF-
kB in response to HDM while knockdown of mouse LMAN1 enhances activation of NF-kB in response to HDM.

(C) WT bone marrow-derived dendritic cells (BMDCs) were stimulated with HDM for 45 min in the absence or presence of an LMANT1 blocking antibody and
lysates were subjected to SDS-PAGE and western blot to assess modification of signaling pathway components. Blocking LMAN1 enhances activation of NF-xB
in response to HDM.

(D) WT BMDCs were electroporated with a control or mouse LMAN1-specific siRNA prior to stimulation with HDM. Lysates were collected at the indicated
timepoints and subjected to SDS-PAGE and western blot to assess modification of signaling pathway components. siRNA knockdown of mouse LMAN1 en-
hances activation of NF-kB in response to HDM. Data are represented as mean + SEM. A one-way (A and C) or two-way (B and D) ANOVA was used to assess
significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Independent experiments: (A): 3T3 (n = 3), (A): HEK293 (n = 3), (B): LMAN1 overexpression (n = 3),
(B): LMAN1 shRNA (n = 3), (C): blocking antibody (n = 3), (D): siRNA knockdown (n = 4). Fold change represents the pixel intensity relative to the empty vector cell
lines or control siRNA-treated cells at the zero time point, which is set to 1.
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Figure 6. HDM promotes binding of LMAN1 to the FcRy and recruitment of SHP1

(A) FcRy and LMANT1 interact in transient overexpression experiments. HEK293 cells were transfected with indicated constructs for mouse LMAN1 and mouse
FcRy. LMAN1 was immunoprecipitated via its HA tag and FcRy was immunoprecipitated via the FLAG tag. Reciprocal co-IP experiments show binding between
FcRy and LMANT1 when either LMANT1 (left) or FcRy (right) is pulled down.
(B) FcRy and LMANT interact endogenously in response to HDM. Control (empty vector) or LMAN1 overexpressing (LMAN1 oex) DC2.4 cells were stimulated with
HDM for the indicated timepoints and FcRy was immunoprecipitated. Control cells show HDM-inducible binding of LMAN1 to the FcRy coincident with
recruitment of SHP1 at 60 min while all three proteins are already basally interacting in LMAN1 overexpressing cells. Data are represented as mean + SEM. A two-
way ANOVA was used to assess significance. *p < 0.05, **p < 0.01. Independent experiments: (A) (n = 3), (B) (n = 3).

was reduced in eight out of the 10 different epithelial subtypes
examined in asthmatic individuals compared with healthy con-
trols (ionocytes, submucosal, mucous ciliated, goblet, ciliated,
basal activated, basal cycling and basal 2) (Figure S7). In addition,
when non-epithelial cells were interrogated, LMAN1 expression

was also reduced in lung resident DCs (total or activated) in asth-
matic individuals compared with healthy controls (Figure S7).
Taken together, these data suggest that reduction in the expres-
sion of LMANT1 (either at the mRNA level or at the cell surface) is
associated with the asthmatic disease state.
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Figure 7. LMANT1 cell surface expression is downregulated in the peripheral DCs of asthmatic individuals compared with healthy controls
PBMCs isolated from healthy controls or asthmatic individuals were stained with appropriate antibody panels to identify LMAN1 expression on peripheral an-
tigen-presenting cells via flow cytometry. Shown are representative FACS plots and corresponding histograms for the indicated subsets. Gray histograms or
dashed lines represent FMO controls for each staining panel used. For scatterplots, longer horizontal lines represent the mean and shorter lines represent the
SEM. A two-tailed t test was performed to assess significance. “p < 0.05, **p < 0.01 (n = 9/group).

DISCUSSION

The present study identifies LMAN1 as a receptor for HDM aller-
gens. LMANT1, also known as ERGIC-53, is a type | membrane
receptor that mainly functions as a cargo receptor for a select
set of glycoproteins, mediating their transport between the ER
and the Golgi compartments. While other C-type lectins have
been implicated in the recognition of HDM (Dectin-1,°"
Dectin-2,°® DC-SIGN,*®"° Mannose Receptor’"’?), no L-type
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lectin has been shown to fulfill this role. As there are only four
mammalian L-type lectins described and all are involved in pro-
tein sorting in luminal compartments, identification of LMAN1 as
an allergen receptor would have been unlikely without using an
unbiased strategy such as receptor glycocapture. With regard
to disease relevance, LMAN1 has not previously been identified
in GWAS studies as a susceptibility gene for atopy or allergic
asthma. However, LMAN1 was previously reported as being
significantly downregulated in the setting of asthma using
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microarray analysis.”® Likewise, single-cell transcriptomic anal-
ysis of various lung cell populations in healthy versus asthmatic
individuals indicated decreased expression of this protein in lung
DCs and AECs in the setting of disease® (Figure S7).5°¢ One
other study exploring the association of SNPs with lung function
decline among cotton textile workers, found that an SNP within
the intron of LMAN1 (rs10515978) was suggestive for acceler-
ated decreases in forced expiratory volume (FEV,), a measure
of lung function.”* Thus, approaches such as the one used in
this work could complement existing techniques to identify
additional receptors of interest that might be missed due to the
limitations or bias of current methods (i.e., focus on common var-
iants with large effect sizes for GWAS). It also demonstrates that
complex ligands such as allergen mixtures can successfully lead
to identification of candidate receptors despite low abundance
of individual allergen-conjugates. Indeed, co-identification of
CD836 using this screen serves as additional verification in the
success of this effort, CD36 having also been identified as an
HDM receptor by an independent group.>®

While this discovery is exciting, it does raise a number of inter-
esting questions. First, why would a protein involved in luminal
protein sorting function in the recognition of allergens at the
cell surface? Although the majority of LMAN1 appears to cycle
between the ER, ERGIC, and Golgi, a subset of LMANT1 likely es-
capes COP1 retention and traffics to the cell surface where it is
then available for allergen capture and endocytosis. Such cell
surface localization of LMAN1 has been either observed or sug-
gested by multiple groups.”*~"" Proteomic studies have reported
endogenous LMAN1 within early endosomes.”® Other investiga-
tors have described the ability of certain proteins to promote re-
localization of LMAN1 to the cell periphery.”” LMAN1 was also
found to associate with Rab3GAPs, which are involved in vesic-
ular membrane transport and fusion.”” Our own flow cytometry
data, binding assays, and (non-permeabilized) confocal images
are in support of this model. The confocal images also indicate
the presence of cell surface LMAN1 in discrete regions, similar
to the clusters observed for DC-SIGN.”®"® In this regard,
LMANT1 could act in a similar manner and aid in endocytosis of
bound allergens for subsequent antigen processing and presen-
tation to T cells.®® However, this has yet to be empirically proven.

Second, our finding that LMAN1 expression levels inversely
correlate with NF-kB activation and cytokine secretion in
response to stimulation with HDM, the observation that LMAN1
promotes recruitment of the well-known signaling regulator
SHP1, and the lower expression of LMAN1 on the peripheral
DCs of asthmatic individuals, suggests that LMAN1 may function
as a negative regulator of allergic responses. Given that many
C-type lectin receptors can act either as an activating receptor
or an inhibitory receptor depending on the context in which they
are stimulated, it would be important to demonstrate this function
conclusively using in vivo models of asthma and knockout ani-
mals. Furthermore, the finding that LMAN1 is primarily present
on the cell surface of DCs and AECs, two cell types intimately
involved in the proximal events during allergic sensitization, would
argue that further examination of the importance of this receptor in
the recognition and response to HDM within each cell type is war-
ranted. The data obtained from such studies would give credence
to the development of approaches aimed at manipulating this re-
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ceptor to modulate the allergic response. This is an area of great
interest for our laboratory and one that we are currently pursuing.

Third, it would be important to determine the consequences of
differential engagement of LMAN1 (high versus low avidity li-
gands), co-engagement of heterologous receptors alongside
LMAN1, and potential oligomerization or cooperation of
LMANT1 with other CLR members, on the signaling outcomes
mediated through this receptor. Ligand avidity has been demon-
strated to influence whether ITAM-coupled receptors elicit acti-
vating or inhibitory signals.®'®* Likewise, while co-engagement
of TLRs can result in synergistic signaling for some lectins,®>%°
inhibition of signaling through heterologous receptors has
also been described.®** Specifically, CLR-mediated modula-
tion of TLR-induced NF-kB activation appears as a recurring
theme.®%°2°° LMAN1 may similarly serve as an immunomodula-
tory receptor. Furthermore, formation of heteromeric complexes
has been documented for various lectins such as MCL and
Mincle,”® Dectin-2 and Dectin-3,”” and MR and DC-SIGN,*®
leaving open the possibility that this may also occur for
LMANT1. Thus, ascertaining whether LMAN1-mediated signaling
outcomes can likewise be “tuned” a particular way, will require
further work carefully examining each of these factors.

Last, recognition of HDM mediated by LMAN1 appears to be
dependent on glycosylation (likely mannosylation). This implies
that LMAN1 may serve as a general sensor of other mannosy-
lated allergens or other mannosylated antigens. Mannosylation
is a common modification present on the proteins or lipids of
many allergens (Ara h 1 from peanut, Bla g 2 from cockroach,
Can f 1 from dog dander), bacteria (ManLAM of Mycobacterium
tuberculosis, CPS of Streptococcus pneumoniae), fungi (cell
walls of Saccharomyces cerevisiae and Candida albicans), and
viruses (gp120 of HIV, spike of SARS-CoV-2). While beyond
the scope of this work, should this hold true, it would expand
the implications of this study beyond just allergen sensing.

Overall, we have demonstrated the utility of using an unbiased
receptor glycocapture approach to identify LMAN1 as a receptor
for HDM. The finding that LMAN1 is expressed on the surface of
airway resident cells important to the allergic response, coupled
with a role in downregulating inflammatory signaling in DCs, and
the observed differential expression of this receptor in asthmatic
individuals, suggests that modulation of LMAN1 levels may hold
promise as a potential therapeutic strategy. Further work will
need to be undertaken to determine whether LMAN1-targeted
therapies (at the DC or AEC-level) will be efficacious for the treat-
ment of atopic disorders such as allergic asthma.

Limitations of the study

While this study has demonstrated that cell surface LMAN1 on
DCs appears to act as a regulatory receptor for HDM, this
research is not without its limitations. A large part of the work
was performed using DC cell lines that may respond differently
from primary cells. Thus, while the overall conclusions obtained
are likely universal (ability of LMAN1 to bind HDM, ability of
LMANT1 to regulate inflammatory signaling, ability to associate
with FcRy and recruit SHP1), various factors that differ between
cell lines and primary cells (basal activation states, sensitivity to
stimulus, level of maturation), could all influence exact outcomes,
such as the kinetics of the response being evaluated.
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Furthermore, whether the observed regulatory function of
LMANT1 also holds true for the various primary DC subsets and
whether the regulatory mechanisms employed differ from cell
type to cell type, remains to be tested. In addition, details of the
molecular basis underlying the FcRy-LMAN1-SHP1 association
still need elucidating. For lectin receptors that use FcRy as an
adaptor, association is mediated through the cytoplasmic or
transmembrane regions of the lectin where there is the presence
of a charged arginine. LMAN1 does have such a residue at the
beginning of the cytosolic domain (R499 human, R506 mouse)
and it remains to be seen whether the observed complex is medi-
ated through this association under endogenous conditions.
Furthermore, the upstream mechanisms by which the
FcRy-LMAN1-SHP1 complex is able to inhibit NF-kB activation
still need to be explored. Last, as we point out a role for this recep-
tor at the cell surface, it is yet to be determined whether LMAN1
cell surface expression can also be influenced by inflammatory
or maturation stimuli in a manner similar to other immune lectins.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
® RESOURCE AVAILABILITY

O Lead contact

O Materials availability

O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS

O Animals

O Human subjects

O Cell lines
e METHOD DETAILS
TriCEPs assay for Ligand-Receptor Capture
Mass spectrometry
Generation of stable cell lines and cell culture
Transient transfection, SDS/PAGE and western blot
Purification of LMAN1 and in vitro binding assay
Cellular chemokine analysis
Assessing in vivo LMAN1 expression
Cellular binding assays
NF-kB dual-luciferase assay
Generation of bone-marrow derived dendritic cells
(BMDCs) and siRNA knockdown

O Human samples and flow cytometry staining panels
® QUANTIFICATION AND STATISTICAL ANALYSIS

O

OO O0OO0OO0OO0OO0O0O0

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
celrep.2023.112208.

ACKNOWLEDGMENTS
This project was supported by an American Lung Association Innovation

Award 1A-695632 and NIH RO1HL162897 to J.T.T.-A. and an NIH
RO1HL094505 grant to B.Z.

12 Cell Reports 42, 112208, March 28, 2023

Cell Reports

AUTHOR CONTRIBUTIONS

J.T.T.-A. was involved in the conceptualization and design of the study. Exper-
imentation was performed by M.H.M., L.G.S., V.S.V., M.L., T.J.J., D.J.H., and
J.T.T.-A. Validation was performed by M.H.M. and J.T.T.-A. Formal analysis
was provided by X.Z. Resources were provided by Y.Z., B.Z., and J.T.T.-A.
M.H.M., TJ.J., X.Z.,, B.Z, and J.T.T.-A. wrote the original draft of the manu-
script. J.T.T.-A. and B.Z. acquired the funding to support the project.
J.T.T.-A,, L.G.S., and M.H.M. performed the additional experimentation and
wrote the changes for the revised, final manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY
We support inclusive, diverse, and equitable conduct of research.

Received: June 2, 2022
Revised: December 1, 2022
Accepted: February 15, 2023

REFERENCES

1. Ohta, K., Miyamoto, T., Amagasaki, T., and Yamamoto, M.; 1304 Study
Group (2009). Efficacy and safety of omalizumab in an Asian population
with moderate-to-severe persistent asthma. Respirology 74, 1156-1165.
https://doi.org/10.1111/j.1440-1843.2009.01633.x.

2. Normansell, R., Walker, S., Milan, S.J., Walters, E.H., and Nair, P. (2014).
Omalizumab for asthma in adults and children. Cochrane Database Syst.
Rev. CD003559. https://doi.org/10.1002/14651858.CD003559.pub4.

3. Niven, R.M., Saralaya, D., Chaudhuri, R., Masoli, M., Clifton, I., Mansur,
A.H., Hacking, V., McLain-Smith, S., and Menzies-Gow, A. (2016).
Impact of omalizumab on treatment of severe allergic asthma in UK clin-
ical practice: a UK multicentre observational study (the APEX Il study).
BMJ Open 6, e011857. https://doi.org/10.1136/bmjopen-2016-011857.

4. Milgrom, H., Berger, W., Nayak, A., Gupta, N., Pollard, S., McAlary, M.,
Taylor, A.F., and Rohane, P. (2001). Treatment of childhood asthma
with anti-immunoglobulin E antibody (omalizumab). Pediatrics 708,
E36. https://doi.org/10.1542/peds.108.2.e36.

5. Humbert, M., Beasley, R., Ayres, J., Slavin, R., Hébert, J., Bousquet, J.,
Beeh, K.M., Ramos, S., Canonica, G.W., Hedgecock, S., et al. (2005).
Benefits of omalizumab as add-on therapy in patients with severe persis-
tent asthma who are inadequately controlled despite best available ther-
apy (GINA 2002 step 4 treatment): INNOVATE. Allergy 60, 309-316.
https://doi.org/10.1111/j.1398-9995.2004.00772.x.

6. Hanania, N.A., Alpan, O., Hamilos, D.L., Condemi, J.J., Reyes-Rivera, I.,
Zhu, J., Rosen, K.E., Eisner, M.D., Wong, D.A., and Busse, W. (2011).
Omalizumab in severe allergic asthma inadequately controlled with stan-
dard therapy: a randomized trial. Ann. Intern. Med. 154, 573-582. https://
doi.org/10.7326/0003-4819-154-9-201105030-00002.

7. Busse, W.W., Morgan, W.J., Gergen, P.J., Mitchell, H.E., Gern, J.E., Liu,
A.H., Gruchalla, R.S., Kattan, M., Teach, S.J., Pongracic, J.A., et al.
(2011). Randomized trial of omalizumab (anti-IgE) for asthma in inner-
city children. N. Engl. J. Med. 364, 1005-1015. https://doi.org/10.1056/
NEJMoa1009705.

8. Busse, W.W. (2001). Anti-immunoglobulin E (omalizumab) therapy in
allergic asthma. Am. J. Respir. Crit. Care Med. 164, S12-S17. https://
doi.org/10.1164/ajrccm.164.supplement_1.2103026.

9. Busse, W., Corren, J., Lanier, B.Q., McAlary, M., Fowler-Taylor, A.,
Cioppa, G.D., van As, A., and Gupta, N. (2001). Omalizumab, anti-IgE re-
combinant humanized monoclonal antibody, for the treatment of severe


https://doi.org/10.1016/j.celrep.2023.112208
https://doi.org/10.1016/j.celrep.2023.112208
https://doi.org/10.1111/j.1440-1843.2009.01633.x
https://doi.org/10.1002/14651858.CD003559.pub4
https://doi.org/10.1136/bmjopen-2016-011857
https://doi.org/10.1542/peds.108.2.e36
https://doi.org/10.1111/j.1398-9995.2004.00772.x
https://doi.org/10.7326/0003-4819-154-9-201105030-00002
https://doi.org/10.7326/0003-4819-154-9-201105030-00002
https://doi.org/10.1056/NEJMoa1009705
https://doi.org/10.1056/NEJMoa1009705
https://doi.org/10.1164/ajrccm.164.supplement_1.2103026
https://doi.org/10.1164/ajrccm.164.supplement_1.2103026

Cell Reports

20.

21.

allergic asthma. J. Allergy Clin. Immunol. 708, 184-190. https://doi.org/
10.1067/mai.2001.117880.

. Bardelas, J., Figliomeni, M., Kianifard, F., and Meng, X. (2012). A

26-week, randomized, double-blind, placebo-controlled, multicenter
study to evaluate the effect of omalizumab on asthma control in patients
with persistent allergic asthma. J. Asthma 49, 144-152. https://doi.org/
10.3109/02770903.2011.648296.

. Bel, E.H., Wenzel, S.E., Thompson, P.J., Prazma, C.M., Keene, O.N.,

Yancey, S.W., Ortega, H.G., and Pavord, I.D.; SIRIUS Investigators
(2014). Oral glucocorticoid-sparing effect of mepolizumab in eosinophilic
asthma. N. Engl. J. Med. 371, 1189-1197. https://doi.org/10.1056/
NEJMoa1403291.

. Pavord, I.D., Korn, S., Howarth, P., Bleecker, E.R., Buhl, R., Keene, O.N.,

Ortega, H., and Chanez, P. (2012). Mepolizumab for severe eosinophilic
asthma (DREAM): a multicentre, double-blind, placebo-controlled trial.
Lancet 380, 651-659. https://doi.org/10.1016/S0140-6736(12)60988-X.

. Chupp, G.L., Bradford, E.S., Albers, F.C., Bratton, D.J., Wang-Jairaj, J.,

Nelsen, L.M., Trevor, J.L., Magnan, A., and Ten Brinke, A. (2017). Efficacy
of mepolizumab add-on therapy on health-related quality of life and
markers of asthma control in severe eosinophilic asthma (MUSCA): a
randomised, double-blind, placebo-controlled, parallel-group, multi-
centre, phase 3b trial. Lancet Respir. Med. 5, 390-400. https://doi.org/
10.1016/S2213-2600(17)30125-X.

. Farne, H.A., Wilson, A., Powell, C., Bax, L., and Milan, S.J. (2017). Anti-

IL5 therapies for asthma. Cochrane Database Syst. Rev. 9, CD010834.
https://doi.org/10.1002/14651858.CD010834.pub3.

. Kips, J.C., O’Connor, B.J., Langley, S.J., Woodcock, A., Kerstjens,

H.A.M., Postma, D.S., Danzig, M., Cuss, F., and Pauwels, R.A. (2003). Ef-
fect of SCH55700, a humanized anti-human interleukin-5 antibody, in se-
vere persistent asthma: a pilot study. Am. J. Respir. Crit. Care Med. 167,
1655-1659. https://doi.org/10.1164/rccm.200206-5250C.

. Castro, M., Mathur, S., Hargreave, F., Boulet, L.P., Xie, F., Young, J., Wil-

kins, H.J., Henkel, T., and Nair, P.; Res-5-0010 Study Group (2011). Re-
slizumab for poorly controlled, eosinophilic asthma: a randomized, pla-
cebo-controlled study. Am. J. Respir. Crit. Care Med. 7184, 1125-1132.
https://doi.org/10.1164/rccm.201103-03960C.

. Castro, M., Zangrilli, J., Wechsler, M.E., Bateman, E.D., Brusselle, G.G.,

Bardin, P., Murphy, K., Maspero, J.F., O’Brien, C., and Korn, S. (2015).
Reslizumab for inadequately controlled asthma with elevated blood
eosinophil counts: results from two multicentre, parallel, double-blind,
randomised, placebo-controlled, phase 3 trials. Lancet Respir. Med. 3,
355-366. https://doi.org/10.1016/S2213-2600(15)00042-9.

. Bjermer, L., Lemiere, C., Maspero, J., Weiss, S., Zangrilli, J., and Germi-

naro, M. (2016). Reslizumab for inadequately controlled asthma with
elevated blood eosinophil levels: a randomized phase 3 study. Chest
150, 789-798. https://doi.org/10.1016/j.chest.2016.03.032.

. Corren, J., Weinstein, S., Janka, L., Zangrilli, J., and Garin, M. (2016).

Phase 3 study of reslizumab in patients with poorly controlled asthma: ef-
fects across a broad range of eosinophil counts. Chest 7150, 799-810.
https://doi.org/10.1016/j.chest.2016.03.018.

Bernstein, J.A., Virchow, J.C., Murphy, K., Maspero, J.F., Jacobs, J.,
Adir, Y., Humbert, M., Castro, M., Marsteller, D.A., McElhattan, J.,
et al. (2020). Effect of fixed-dose subcutaneous reslizumab on asthma
exacerbations in patients with severe uncontrolled asthma and cortico-
steroid sparing in patients with oral corticosteroid-dependent asthma:
results from two phase 3, randomised, double-blind, placebo-controlled
trials. Lancet Respir. Med. 8, 461-474. https://doi.org/10.1016/S2213-
2600(19)30372-8.

Bleecker, E.R., FitzGerald, J.M., Chanez, P., Papi, A., Weinstein, S.F.,
Barker, P., Sproule, S., Gilmartin, G., Aurivillius, M., Werkstrom, V.,
et al. (2016). Efficacy and safety of benralizumab for patients with severe
asthma uncontrolled with high-dosage inhaled corticosteroids and long-
acting beta2-agonists (SIROCCO): a randomised, multicentre, placebo-

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

¢? CellPress

OPEN ACCESS

controlled phase 3 trial. Lancet 388, 2115-2127. https://doi.org/10.
1016/S0140-6736(16)31324-1.

. FitzGerald, J.M., Bleecker, E.R., Nair, P., Korn, S., Ohta, K., Lom-

matzsch, M., Ferguson, G.T., Busse, W.W., Barker, P., Sproule, S.,
et al. (2016). Benralizumab, an anti-interleukin-5 receptor alpha
monoclonal antibody, as add-on treatment for patients with severe, un-
controlled, eosinophilic asthma (CALIMA): a randomised, double-blind,
placebo-controlled phase 3 trial. Lancet 388, 2128-2141. https://doi.
org/10.1016/S0140-6736(16)31322-8.

Nair, P., Wenzel, S., Rabe, K.F., Bourdin, A., Lugogo, N.L., Kuna, P.,
Barker, P., Sproule, S., Ponnarambil, S., and Goldman, M.; ZONDA Trial
Investigators (2017). Oral glucocorticoid-sparing effect of benralizumab
in severe asthma. N. Engl. J. Med. 376, 2448-2458. https://doi.org/10.
1056/NEJMoa1703501.

Corren, J., Castro, M., Chanez, P., Fabbri, L., Joish, V.N., Amin, N., Gra-
ham, N.M.H., Mastey, V., Abbé, A., Taniou, C., et al. (2019). Dupilumab
improves symptoms, quality of life, and productivity in uncontrolled
persistent asthma. Ann. Allergy Asthma Immunol. 722, 41-49.e2.
https://doi.org/10.1016/j.anai.2018.08.005.

Rabe, K.F., Nair, P., Brusselle, G., Maspero, J.F., Castro, M., Sher, L.,
Zhu, H., Hamilton, J.D., Swanson, B.N., Khan, A., et al. (2018). Efficacy
and safety of Dupilumab in glucocorticoid-dependent severe asthma.
N. Engl. J. Med. 378, 2475-2485. https://doi.org/10.1056/NEJMoa
1804093.

Castro, M., Corren, J., Pavord, I.D., Maspero, J., Wenzel, S., Rabe, K.F.,
Busse, W.W., Ford, L., Sher, L., FitzGerald, J.M., et al. (2018). Dupilumab
efficacy and safety in moderate-to-severe uncontrolled asthma. N. Engl.
J. Med. 378, 2486-2496. https://doi.org/10.1056/NEJMoa1804092.

Shamiji, M.H., and Durham, S.R. (2017). Mechanisms of allergen immuno-
therapy for inhaled allergens and predictive biomarkers. J. Allergy Clin.
Immunol. 740, 1485-1498. https://doi.org/10.1016/j.jaci.2017.10.010.

Verstraete, K., Peelman, F., Braun, H., Lopez, J., Van Rompaey, D., Dan-
sercoer, A., Vandenberghe, |., Pauwels, K., Tavernier, J., Lambrecht,
B.N., et al. (2017). Structure and antagonism of the receptor complex
mediated by human TSLP in allergy and asthma. Nat. Commun. 8,
14937. https://doi.org/10.1038/ncomms14937.

Gauvreau, G.M., O’Byrne, P.M., Boulet, L.P., Wang, Y., Cockcroft, D., Bi-
gler, J., FitzGerald, J.M., Boedigheimer, M., Davis, B.E., Dias, C., et al.
(2014). Effects of an anti-TSLP antibody on allergen-induced asthmatic
responses. N. Engl. J. Med. 370, 2102-2110. https://doi.org/10.1056/
NEJMoa1402895.

Corren, J., Parnes, J.R., Wang, L., Mo, M., Roseti, S.L., Griffiths, J.M.,
and van der Merwe, R. (2017). Tezepelumab in adults with uncontrolled
asthma. N. Engl. J. Med. 377, 936-946. https://doi.org/10.1056/NEJMoa
1704064.

Dorey-Stein, Z.L., and Shenoy, K.V. (2021). Tezepelumab as an emerging
therapeutic option for the treatment of severe asthma: evidence to date.
Drug Des. Devel. Ther. 15, 331-338. https://doi.org/10.2147/DDDT.
S250825.

Soumelis, V., Reche, P.A., Kanzler, H., Yuan, W., Edward, G., Homey, B.,
Gilliet, M., Ho, S., Antonenko, S., Lauerma, A., et al. (2002). Human
epithelial cells trigger dendritic cell mediated allergic inflammation by
producing TSLP. Nat. Immunol. 3, 673-680. https://doi.org/10.1038/
ni805.

Ito, T., Wang, Y.H., Duramad, O., Hori, T., Delespesse, G.J., Watanabe,
N., Qin, F.X.F., Yao, Z., Cao, W., and Liu, Y.J. (2005). TSLP-activated
dendritic cells induce an inflammatory T helper type 2 cell response
through OX40 ligand. J. Exp. Med. 202, 1213-1223. https://doi.org/10.
1084/jem.20051135.

Schmitz, J., Owyang, A., Oldham, E., Song, Y., Murphy, E., McClanahan,
T.K., Zurawski, G., Moshrefi, M., Qin, J., Li, X., et al. (2005). IL-33, an
interleukin-1-like cytokine that signals via the IL-1 receptor-related pro-
tein ST2 and induces T helper type 2-associated cytokines. Immunity
23, 479-490. https://doi.org/10.1016/j.immuni.2005.09.015.

Cell Reports 42, 112208, March 28, 2023 13



https://doi.org/10.1067/mai.2001.117880
https://doi.org/10.1067/mai.2001.117880
https://doi.org/10.3109/02770903.2011.648296
https://doi.org/10.3109/02770903.2011.648296
https://doi.org/10.1056/NEJMoa1403291
https://doi.org/10.1056/NEJMoa1403291
https://doi.org/10.1016/S0140-6736(12)60988-X
https://doi.org/10.1016/S2213-2600(17)30125-X
https://doi.org/10.1016/S2213-2600(17)30125-X
https://doi.org/10.1002/14651858.CD010834.pub3
https://doi.org/10.1164/rccm.200206-525OC
https://doi.org/10.1164/rccm.201103-0396OC
https://doi.org/10.1016/S2213-2600(15)00042-9
https://doi.org/10.1016/j.chest.2016.03.032
https://doi.org/10.1016/j.chest.2016.03.018
https://doi.org/10.1016/S2213-2600(19)30372-8
https://doi.org/10.1016/S2213-2600(19)30372-8
https://doi.org/10.1016/S0140-6736(16)31324-1
https://doi.org/10.1016/S0140-6736(16)31324-1
https://doi.org/10.1016/S0140-6736(16)31322-8
https://doi.org/10.1016/S0140-6736(16)31322-8
https://doi.org/10.1056/NEJMoa1703501
https://doi.org/10.1056/NEJMoa1703501
https://doi.org/10.1016/j.anai.2018.08.005
https://doi.org/10.1056/NEJMoa<?show [?tjl=20mm]&tjlpc;[?tjl]?>1704064
https://doi.org/10.1056/NEJMoa<?show [?tjl=20mm]&tjlpc;[?tjl]?>1704064
https://doi.org/10.1056/NEJMoa1804092
https://doi.org/10.1016/j.jaci.2017.10.010
https://doi.org/10.1038/ncomms14937
https://doi.org/10.1056/NEJMoa1402895
https://doi.org/10.1056/NEJMoa1402895
https://doi.org/10.1056/NEJMoa<?show [?tjl=20mm]&tjlpc;[?tjl]?>1704064
https://doi.org/10.1056/NEJMoa<?show [?tjl=20mm]&tjlpc;[?tjl]?>1704064
https://doi.org/10.2147/DDDT.S250825
https://doi.org/10.2147/DDDT.S250825
https://doi.org/10.1038/ni805
https://doi.org/10.1038/ni805
https://doi.org/10.1084/jem.20051135
https://doi.org/10.1084/jem.20051135
https://doi.org/10.1016/j.immuni.2005.09.015

¢? CellPress

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

14

OPEN ACCESS

Ying, S., O’Connor, B., Ratoff, J., Meng, Q., Mallett, K., Cousins, D., Rob-
inson, D., Zhang, G., Zhao, J., Lee, T.H., and Corrigan, C. (2005). Thymic
stromal lymphopoietin expression is increased in asthmatic airways and
correlates with expression of Th2-attracting chemokines and disease
severity. J. Immunol. 774, 8183-8190. https://doi.org/10.4049/jimmu-
nol.174.12.8183.

Kitajima, M., Lee, H.C., Nakayama, T., and Ziegler, S.F. (2011). TSLP en-
hances the function of helper type 2 cells. Eur. J. Immunol. 47, 1862-
1871. https://doi.org/10.1002/€ji.201041195.

Murakami-Satsutani, N., Ito, T., Nakanishi, T., Inagaki, N., Tanaka, A.,
Vien, P.T.X., Kibata, K., Inaba, M., and Nomura, S. (2014). IL-33 promotes
the induction and maintenance of Th2 immune responses by enhancing
the function of OX40 ligand. Allergol. Int. 63, 443-455. https://doi.org/10.
2332/allergolint.13-OA-0672.

Kleindan, A., Willart, M., van Rijt, L.S., Braunstahl, G.J., Leman, K., Jung,
S., Hoogsteden, H.C., and Lambrecht, B.N. (2006). An essential role for
dendritic cells in human and experimental allergic rhinitis. J. Allergy
Clin. Immunol. 7718, 1117-1125. https://doi.org/10.1016/].jaci.2006.
05.030.

Gao, Y., Nish, S.A,, Jiang, R., Hou, L., Licona-Limén, P., Weinstein, J.S.,
Zhao, H., and Medzhitov, R. (2013). Control of T helper 2 responses by
transcription factor IRF4-dependent dendritic cells. Immunity 39,
722-732. https://doi.org/10.1016/j.immuni.2013.08.028.

van Rijt, L.S., Jung, S., Kleinjan, A., Vos, N., Willart, M., Duez, C., Hoog-
steden, H.C., and Lambrecht, B.N. (2005). In vivo depletion of lung
CD11c+ dendritic cells during allergen challenge abrogates the charac-
teristic features of asthma. J. Exp. Med. 2071, 981-991. https://doi.org/
10.1084/jem.20042311.

Williams, J.W., Tjota, M.Y., Clay, B.S., Vander Lugt, B., Bandukwala,
H.S., Hrusch, C.L., Decker, D.C., Blaine, K.M., Fixsen, B.R., Singh, H.,
et al. (2013). Transcription factor IRF4 drives dendritic cells to promote
Th2 differentiation. Nat. Commun. 4, 2990. https://doi.org/10.1038/
ncomms3990.

Hammad, H., Chieppa, M., Perros, F., Willart, M.A., Germain, R.N., and
Lambrecht, B.N. (2009). House dust mite allergen induces asthma via
Toll-like receptor 4 triggering of airway structural cells. Nat. Med. 15,
410-416. https://doi.org/10.1038/nm.1946.

Nathan, A.T., Peterson, E.A., Chakir, J., and Wills-Karp, M. (2009). Innate
immune responses of airway epithelium to house dust mite are mediated
through beta-glucan-dependent pathways. J. Allergy Clin. Immunol. 123,
612-618. https://doi.org/10.1016/j.jaci.2008.12.006.

Moran, T.P., Nakano, K., Whitehead, G.S., Thomas, S.Y., Cook, D.N.,
and Nakano, H. (2015). Inhaled house dust programs pulmonary den-
dritic cells to promote type 2 T-cell responses by an indirect mechanism.
Am. J. Physiol. Lung Cell Mol. Physiol. 309, L1208-L1218. https://doi.
org/10.1152/ajplung.00256.2015.

Sun, G., Stacey, M.A., Schmidt, M., Mori, L., and Mattoli, S. (2001). Inter-
action of mite allergens Der p3 and Der p9 with protease-activated
receptor-2 expressed by lung epithelial cells. J. Immunol. 7167, 1014—
1021. https://doi.org/10.4049/jimmunol.167.2.1014.

Asokananthan, N., Graham, P.T., Stewart, D.J., Bakker, A.J., Eidne, K.A.,
Thompson, P.J., and Stewart, G.A. (2002). House dust mite allergens
induce proinflammatory cytokines from respiratory epithelial cells: the
cysteine protease allergen, Der p 1, activates protease-activated recep-
tor (PAR)-2 and inactivates PAR-1. J. Immunol. 169, 4572-4578. https://
doi.org/10.4049/jimmunol.169.8.4572.

Page, K., Strunk, V.S., and Hershenson, M.B. (2003). Cockroach prote-
ases increase IL-8 expression in human bronchial epithelial cells via acti-
vation of protease-activated receptor (PAR)-2 and extracellular-signal-
regulated kinase. J. Allergy Clin. Immunol. 772, 1112-1118. https://doi.
org/10.1016/j.jaci.2003.08.050.

Chiu, L.L., Perng, D.W., Yu, C.H., Su, S.N., and Chow, L.P. (2007). Mold
allergen, pen C 13, induces IL-8 expression in human airway epithelial

Cell Reports 42, 112208, March 28, 2023

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Cell Reports

cells by activating protease-activated receptor 1 and 2. J. Immunol.
178, 5237-5244. https://doi.org/10.4049/jimmunol.178.8.5237.

Kouzaki, H., lijima, K., Kobayashi, T., O’Grady, S.M., and Kita, H. (2011).
The danger signal, extracellular ATP, is a sensor for an airborne allergen
and triggers IL-33 release and innate Th2-type responses. J. Immunol.
186, 4375-4387. https://doi.org/10.4049/jimmunol.1003020.

Kim, S.R., Kim, D.I., Kang, M.R,, Lee, K.S., Park, S.Y., Jeong, J.S., and
Lee, Y.C. (2013). Endoplasmic reticulum stress influences bronchial
asthma pathogenesis by modulating nuclear factor kappaB activation.
J. Allergy Clin. Immunol. 132, 1397-1408. https://doi.org/10.1016/j.jaci.
2013.08.041.

Wiesner, D.L., Merkhofer, R.M., Ober, C., Kujoth, G.C., Niu, M., Keller,
N.P., Gern, J.E., Brockman-Schneider, R.A., Evans, M.D., Jackson,
D.J., et al. (2020). Club cell TRPV4 serves as a damage sensor driving
lung allergic inflammation. Cell Host Microbe 27, 614-628.e6. https://
doi.org/10.1016/j.chom.2020.02.006.

Perner, C., Flayer, C.H., Zhu, X., Aderhold, P.A., Dewan, Z.N.A., Voisin,
T., Camire, R.B., Chow, O.A., Chiu, I.M., and Sokol, C.L. (2020). Sub-
stance P release by sensory neurons triggers dendritic cell migration
and initiates the type-2 immune response to allergens. Immunity 53,
1063-1077.e7. https://doi.org/10.1016/j.immuni.2020.10.001.

Frei, A.P., Moest, H., Novy, K., and Wollscheid, B. (2013). Ligand-based
receptor identification on living cells and tissues using TRICEPS. Nat.
Protoc. 8, 1321-1336. https://doi.org/10.1038/nprot.2013.072.

Berges, C., Naujokat, C., Tinapp, S., Wieczorek, H., Hoh, A., Sadeghi, M.,
Opelz, G., and Daniel, V. (2005). A cell line model for the differentiation of
human dendritic cells. Biochem. Biophys. Res. Commun. 333, 896-907.
https://doi.org/10.1016/j.bbrc.2005.05.171.

Patel, P.S., and Kearney, J.F. (2017). CD36 and platelet-activating factor
receptor promote house dust mite allergy development. J. Immunol. 799,
1184-1195. https://doi.org/10.4049/jimmunol.1700034.

Hauri, H.P., Kappeler, F., Andersson, H., and Appenzeller, C. (2000). ER-
GIC-53 and traffic in the secretory pathway. J. Cell Sci. 113 (Pt 4),
587-596. https://doi.org/10.1242/jcs.113.4.587.

Neve, E.P.A., Lahtinen, U., and Pettersson, R.F. (2005). Oligomerization
and interacellular localization of the glycoprotein receptor ERGIC-53 is
independent of disulfide bonds. J. Mol. Biol. 354, 556-568. https://doi.
0org/10.1016/j.jmb.2005.09.077.

Nichols, W.C., Seligsohn, U., Zivelin, A., Terry, V.H., Hertel, C.E., Wheat-
ley, M.A., Moussalli, M.J., Hauri, H.P., Ciavarella, N., Kaufman, R.J., and
Ginsburg, D. (1998). Mutations in the ER-Golgi intermediate compart-
ment protein ERGIC-53 cause combined deficiency of coagulation fac-
tors V and VIII. Cell 93, 61-70. https://doi.org/10.1016/s0092-8674(00)
81146-0.

Cunningham, M.A., Pipe, S.W., Zhang, B., Hauri, H.P., Ginsburg, D., and
Kaufman, R.J. (2003). LMAN1 is a molecular chaperone for the secretion
of coagulation factor VIII. J. Thromb. Haemost. 7, 2360-2367. https://doi.
org/10.1046/j.1538-7836.2003.00415.x.

Zhang, Y., Zhu, M., Zheng, C., Wei, W., Emmer, B.T., and Zhang, B.
(2022). LMAN1-MCFD2 complex is a cargo receptor for the ER-Golgi
transport of alphal-antitrypsin. Biochem. J. 479, 839-855. https://doi.
org/10.1042/BCJ20220055.

Zheng, C., Page, R.C., Das, V., Nix, J.C., Wigren, E., Misra, S., and
Zhang, B. (2013). Structural characterization of carbohydrate binding
by LMAN1 protein provides new insight into the endoplasmic reticulum
export of factors V (FV) and VIII (FVIII). J. Biol. Chem. 288, 20499-
20509. https://doi.org/10.1074/jbc.M113.461434.

Al-Ghouleh, A., Johal, R., Sharquie, I.K., Emara, M., Harrington, H., Sha-
kib, F., and Ghaemmaghami, A.M. (2012). The glycosylation pattern of
common allergens: the recognition and uptake of Der p 1 by epithelial
and dendritic cells is carbohydrate dependent. PLoS One 7, €33929.
https://doi.org/10.1371/journal.pone.0033929.


https://doi.org/10.4049/jimmunol.174.12.8183
https://doi.org/10.4049/jimmunol.174.12.8183
https://doi.org/10.1002/eji.201041195
https://doi.org/10.2332/allergolint.13-OA-0672
https://doi.org/10.2332/allergolint.13-OA-0672
https://doi.org/10.1016/j.jaci.2006.05.030
https://doi.org/10.1016/j.jaci.2006.05.030
https://doi.org/10.1016/j.immuni.2013.08.028
https://doi.org/10.1084/jem.20042311
https://doi.org/10.1084/jem.20042311
https://doi.org/10.1038/ncomms3990
https://doi.org/10.1038/ncomms3990
https://doi.org/10.1038/nm.1946
https://doi.org/10.1016/j.jaci.2008.12.006
https://doi.org/10.1152/ajplung.00256.2015
https://doi.org/10.1152/ajplung.00256.2015
https://doi.org/10.4049/jimmunol.167.2.1014
https://doi.org/10.4049/jimmunol.169.8.4572
https://doi.org/10.4049/jimmunol.169.8.4572
https://doi.org/10.1016/j.jaci.2003.08.050
https://doi.org/10.1016/j.jaci.2003.08.050
https://doi.org/10.4049/jimmunol.178.8.5237
https://doi.org/10.4049/jimmunol.1003020
https://doi.org/10.1016/j.jaci.2013.08.041
https://doi.org/10.1016/j.jaci.2013.08.041
https://doi.org/10.1016/j.chom.2020.02.006
https://doi.org/10.1016/j.chom.2020.02.006
https://doi.org/10.1016/j.immuni.2020.10.001
https://doi.org/10.1038/nprot.2013.072
https://doi.org/10.1016/j.bbrc.2005.05.171
https://doi.org/10.4049/jimmunol.1700034
https://doi.org/10.1242/jcs.113.4.587
https://doi.org/10.1016/j.jmb.2005.09.077
https://doi.org/10.1016/j.jmb.2005.09.077
https://doi.org/10.1016/s0092-8674(00)81146-0
https://doi.org/10.1016/s0092-8674(00)81146-0
https://doi.org/10.1046/j.1538-7836.2003.00415.x
https://doi.org/10.1046/j.1538-7836.2003.00415.x
https://doi.org/10.1042/BCJ20220055
https://doi.org/10.1042/BCJ20220055
https://doi.org/10.1074/jbc.M113.461434
https://doi.org/10.1371/journal.pone.0033929

Cell Reports

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Zheng, C., Liu, H.H., Yuan, S., Zhou, J., and Zhang, B. (2010). Molecular
basis of LMAN1 in coordinating LMAN1-MCFD2 cargo receptor forma-
tion and ER-to-Golgi transport of FV/FVIIl. Blood 7116, 5698-5706.
https://doi.org/10.1182/blood-2010-04-278325.

Vieira Braga, F.A., Kar, G., Berg, M., Carpaij, O.A., Polanski, K., Simon,
L.M., Brouwer, S., Gomes, T., Hesse, L., Jiang, J., et al. (2019). A cellular
census of human lungs identifies novel cell states in health and in asthma.
Nat. Med. 25, 1153-1163. https://doi.org/10.1038/s41591-019-0468-5.

Wellcome Sanger Institute. Lung Cell Atlas. https://www.lungcellatlas.
org/.

A Cellular Census of Human Lungs. https://asthma.cellgeni.sanger.ac.uk/.

Ito, T., Hirose, K., Norimoto, A., Tamachi, T., Yokota, M., Saku, A., Taka-
tori, H., Saijo, S., Iwakura, Y., and Nakajima, H. (2017). Dectin-1 plays an
important role in house dust mite-induced allergic airway inflammation
through the activation of CD11b+ dendritic cells. J. Immunol. 798,
61-70. https://doi.org/10.4049/jimmunol.1502393.

Barrett, N.A., Maekawa, A., Rahman, O.M., Austen, K.F., and Kanaoka,
Y. (2009). Dectin-2 recognition of house dust mite triggers cysteinyl
leukotriene generation by dendritic cells. J. Immunol. 7182, 1119-1128.
https://doi.org/10.4049/jimmunol.182.2.1119.

Hsu, S.C., Chen, C.H., Tsai, S.H., Kawasaki, H., Hung, C.H., Chu, Y.T.,
Chang, H.W., Zhou, Y., Fu, J., Plunkett, B., et al. (2010). Functional inter-
action of common allergens and a C-type lectin receptor, dendritic cell-
specific ICAM3-grabbing non-integrin (DC-SIGN), on human dendritic
cells. J. Biol. Chem. 285, 7903-7910. https://doi.org/10.1074/jbc.M109.
058370.

Emara, M., Royer, P.J., Mahdavi, J., Shakib, F., and Ghaemmaghami,
A.M. (2012). Retagging identifies dendritic cell-specific intercellular
adhesion molecule-3 (ICAM3)-grabbing non-integrin (DC-SIGN) protein
as a novel receptor for a major allergen from house dust mite. J. Biol.
Chem. 287, 5756-5763. https://doi.org/10.1074/jbc.M111.312520.

Deslée, G., Charbonnier, A.S., Hammad, H., Angyalosi, G., Tillie-Leb-
lond, I., Mantovani, A., Tonnel, A.B., and Pestel, J. (2002). Involvement
of the mannose receptor in the uptake of Der p 1, a major mite allergen,
by human dendritic cells. J. Allergy Clin. Immunol. 7170, 763-770. https://
doi.org/10.1067/mai.2002.129121.

Royer, P.J., Emara, M., Yang, C., Al-Ghouleh, A., Tighe, P., Jones, N.,
Sewell, H.F., Shakib, F., Martinez-Pomares, L., and Ghaemmaghami,
A.M. (2010). The mannose receptor mediates the uptake of diverse native
allergens by dendritic cells and determines allergen-induced T cell polar-
ization through modulation of Ido activity. J. Immunol. 185, 1522-1531.
https://doi.org/10.4049/jimmunol.1000774.

Shin, S.W., Oh, T.J., Park, S.M., Park, J.S., Jang, A.S., Park, S.W., Uh,
S.T., An, S, and Park, C.S. (2011). Asthma-predictive genetic markers
in gene expression profiling of peripheral blood mononuclear cells. Al-
lergy Asthma Immunol. Res. 3, 265-272. https://doi.org/10.4168/aair.
2011.3.4.265.

Zhang, R., Zhao, Y., Chu, M., Mehta, A., Wei, Y., Liu, Y., Xun, P., Bai, J.,
Yu, H., Su, L., etal. (2013). Alarge scale gene-centric association study of
lung function in newly-hired female cotton textile workers with endotoxin
exposure. PLoS One 8, €59035. https://doi.org/10.1371/journal.pone.
0059035.

Kappeler, F., ltin, C., Schindler, R., and Hauri, H.P. (1994). A dual role for
COOH-terminal lysine residues in pre-Golgi retention and endocytosis of
ERGIC-53. J. Biol. Chem. 269, 6279-6281.

Foster, L.J., de Hoog, C.L., Zhang, Y., Zhang, Y., Xie, X., Mootha, V.K,,
and Mann, M. (2006). A mammalian organelle map by protein correlation
profiling. Cell 125, 187-199. https://doi.org/10.1016/j.cell.2006.03.022.

Haines, D.S., Lee, J.E., Beauparlant, S.L., Kyle, D.B., den Besten, W.,
Sweredoski, M.J., Graham, R.L.J., Hess, S., and Deshaies, R.J. (2012).
Protein interaction profiling of the p97 adaptor UBXD1 points to a role
for the complex in modulating ERGIC-53 trafficking. Mol. Cell. Prote-
omics 11, M111.016444. https://doi.org/10.1074/mcp.M111.016444.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

¢? CellPress

OPEN ACCESS

Neumann, A.K., Thompson, N.L., and Jacobson, K. (2008). Distribution
and lateral mobility of DC-SIGN on immature dendritic cells-implications
for pathogen uptake. J. Cell Sci. 1271, 634-643. https://doi.org/10.1242/
jcs.022418.

Liu, P., Weinreb, V., Ridilla, M., Betts, L., Patel, P., de Silva, A.M., Thomp-
son, N.L., and Jacobson, K. (2017). Rapid, directed transport of DC-SIGN
clusters in the plasma membrane. Sci. Adv. 3, eaao1616. https://doi.org/
10.1126/sciadv.aao1616.

Engering, A., Geijtenbeek, T.B.H., van Vliet, S.J., Wijers, M., van Liempt,
E., Demaurex, N., Lanzavecchia, A., Fransen, J., Figdor, C.G., Piguet, V.,
and van Kooyk, Y. (2002). The dendritic cell-specific adhesion receptor
DC-SIGN internalizes antigen for presentation to T cells. J. Immunol.
168, 2118-2126. https://doi.org/10.4049/jimmunol.168.5.2118.

Hamerman, J.A., and Lanier, L.L. (2006). Inhibition of immune responses
by ITAM-bearing receptors. Sci. STKE 2006, rel. https://doi.org/10.
1126/stke.3202006re1.

Turnbull, I.R., and Colonna, M. (2007). Activating and inhibitory functions
of DAP12. Nat. Rev. Immunol. 7, 155-161. https://doi.org/10.1038/
nri2014.

Ivashkiv, L.B. (2008). A signal-switch hypothesis for cross-regulation of
cytokine and TLR signalling pathways. Nat. Rev. Immunol. 8, 816-822.
https://doi.org/10.1038/nri2396.

Pasquier, B., Launay, P., Kanamaru, Y., Moura, I.C., Pfirsch, S., Ruffié,
C., Hénin, D., Benhamou, M., Pretolani, M., Blank, U., and Monteiro,
R.C. (2005). Identification of FcalphaRl as an inhibitory receptor that con-
trols inflammation: dual role of FcRgamma ITAM. Immunity 22, 31-42.
https://doi.org/10.1016/j.immuni.2004.11.017.

Gantner, B.N., Simmons, R.M., Canavera, S.J., Akira, S., and Underhill,
D.M. (2003). Collaborative induction of inflammatory responses by
dectin-1 and Toll-like receptor 2. J. Exp. Med. 197, 1107-1117. https://
doi.org/10.1084/jem.20021787.

Viriyakosol, S., Fierer, J., Brown, G.D., and Kirkland, T.N. (2005). Innate
immunity to the pathogenic fungus Coccidioides posadasii is dependent
on Toll-like receptor 2 and Dectin-1. Infect. Immun. 73, 1553-1560.
https://doi.org/10.1128/1A1.73.3.1553-1560.2005.

Yadav, M., and Schorey, J.S. (2006). The beta-glucan receptor dectin-1
functions together with TLR2 to mediate macrophage activation by my-
cobacteria. Blood 708, 3168-3175. https://doi.org/10.1182/blood-2006-
05-024406.

van Haren, S.D., Dowling, D.J., Foppen, W., Christensen, D., Andersen,
P., Reed, S.G., Hershberg, R.M., Baden, L.R., and Levy, O. (2016).
Age-specific adjuvant synergy: dual TLR7/8 and Mincle activation of hu-
man newborn dendritic cells enables Th1 polarization. J. Immunol. 197,
4413-4424. https://doi.org/10.4049/jimmunol.1600282.

Gringhuis, S.1., den Dunnen, J., Litjens, M., van Het Hof, B., van Kooyk,
Y., and Geijtenbeek, T.B.H. (2007). C-type lectin DC-SIGN modulates
Toll-like receptor signaling via Raf-1 kinase-dependent acetylation of
transcription factor NF-kappaB. Immunity 26, 605-616. https://doi.org/
10.1016/j.immuni.2007.03.012.

Dzionek, A., Sohma, Y., Nagafune, J., Cella, M., Colonna, M., Facchetti,
F., Gunther, G., Johnston, I., Lanzavecchia, A., Nagasaka, T., et al.
(2001). BDCA-2, a novel plasmacytoid dendritic cell-specific type I
C-type lectin, mediates antigen capture and is a potent inhibitor of inter-
feron alpha/beta induction. J. Exp. Med. 194, 1823-1834. https://doi.org/
10.1084/jem.194.12.1823.

Meyer-Wentrup, F., Cambi, A., Joosten, B., Looman, M.W., de Vries,
1.J.M., Figdor, C.G., and Adema, G.J. (2009). DCIR is endocytosed into
human dendritic cells and inhibits TLR8-mediated cytokine production.
J. Leukoc. Biol. 85, 518-525. https://doi.org/10.1189/jIb.0608352.

Geijtenbeek, T.B.H., Van Vliet, S.J., Koppel, E.A., Sanchez-Hernandez,
M., Vandenbroucke-Grauls, C.M.J.E., Appelmelk, B., and Van Kooyk,
Y. (2003). Mycobacteria target DC-SIGN to suppress dendritic cell func-
tion. J. Exp. Med. 197, 7-17. https://doi.org/10.1084/jem.20021229.

Cell Reports 42, 112208, March 28, 2023 15



https://doi.org/10.1182/blood-2010-04-278325
https://doi.org/10.1038/s41591-019-0468-5
https://www.lungcellatlas.org/
https://www.lungcellatlas.org/
https://asthma.cellgeni.sanger.ac.uk/
https://doi.org/10.4049/jimmunol.1502393
https://doi.org/10.4049/jimmunol.182.2.1119
https://doi.org/10.1074/jbc.M109.<?show [?tjl=20mm]&tjlpc;[?tjl]?>058370
https://doi.org/10.1074/jbc.M109.<?show [?tjl=20mm]&tjlpc;[?tjl]?>058370
https://doi.org/10.1074/jbc.M111.312520
https://doi.org/10.1067/mai.2002.129121
https://doi.org/10.1067/mai.2002.129121
https://doi.org/10.4049/jimmunol.1000774
https://doi.org/10.4168/aair.2011.3.4.265
https://doi.org/10.4168/aair.2011.3.4.265
https://doi.org/10.1371/journal.pone.0059035
https://doi.org/10.1371/journal.pone.0059035
http://refhub.elsevier.com/S2211-1247(23)00219-X/sref75
http://refhub.elsevier.com/S2211-1247(23)00219-X/sref75
http://refhub.elsevier.com/S2211-1247(23)00219-X/sref75
https://doi.org/10.1016/j.cell.2006.03.022
https://doi.org/10.1074/mcp.M111.016444
https://doi.org/10.1242/jcs.022418
https://doi.org/10.1242/jcs.022418
https://doi.org/10.1126/sciadv.aao1616
https://doi.org/10.1126/sciadv.aao1616
https://doi.org/10.4049/jimmunol.168.5.2118
https://doi.org/10.1126/stke.3202006re1
https://doi.org/10.1126/stke.3202006re1
https://doi.org/10.1038/nri2014
https://doi.org/10.1038/nri2014
https://doi.org/10.1038/nri2396
https://doi.org/10.1016/j.immuni.2004.11.017
https://doi.org/10.1084/jem.20021787
https://doi.org/10.1084/jem.20021787
https://doi.org/10.1128/IAI.73.3.1553-1560.2005
https://doi.org/10.1182/blood-2006-<?show [?tjl=20mm]&tjlpc;[?tjl]?>05-024406
https://doi.org/10.1182/blood-2006-<?show [?tjl=20mm]&tjlpc;[?tjl]?>05-024406
https://doi.org/10.4049/jimmunol.1600282
https://doi.org/10.1016/j.immuni.2007.03.012
https://doi.org/10.1016/j.immuni.2007.03.012
https://doi.org/10.1084/jem.194.12.1823
https://doi.org/10.1084/jem.194.12.1823
https://doi.org/10.1189/jlb.0608352
https://doi.org/10.1084/jem.20021229

¢? CellPress

93.

94,

95.

96.

OPEN ACCESS

Chen, C.H., Floyd, H., Olson, N.E., Magaletti, D., Li, C., Draves, K., and
Clark, E.A. (2006). Dendritic-cell-associated C-type lectin 2 (DCAL-2) al-
ters dendritic-cell maturation and cytokine production. Blood 707, 1459-
1467. https://doi.org/10.1182/blood-2005-08-3264.

Kanemaru, K., Noguchi, E., Tahara-Hanaoka, S., Mizuno, S., Tateno, H.,
Denda-Nagai, K., Irimura, T., Matsuda, H., Sugiyama, F., Takahashi, S.,
et al. (2019). Clec10a regulates mite-induced dermatitis. Sci. Immunol.
4, eaax6908. https://doi.org/10.1126/sciimmunol.aax6908.

Gringhuis, S.I., den Dunnen, J., Litiens, M., van der Vlist, M., Wevers, B.,
Bruijns, S.C.M., and Geijtenbeek, T.B.H. (2009). Dectin-1 directs T helper
cell differentiation by controlling noncanonical NF-kappaB activation
through Raf-1 and Syk. Nat. Immunol. 70, 203-213. https://doi.org/10.
1038/ni.1692.

Lobato-Pascual, A., Saether, P.C., Fossum, S., Dissen, E., and Daws,
M.R. (2013). Mincle, the receptor for mycobacterial cord factor, forms
a functional receptor complex with MCL and FcepsilonRI-gamma. Eur.
J. Immunol. 43, 3167-3174. https://doi.org/10.1002/€ji.201343752.

16 Cell Reports 42, 112208, March 28, 2023

97.

98.

99.

100.

Cell Reports

Zhu, L.L., Zhao, X.Q., Jiang, C., You, Y., Chen, X.P., Jiang, Y.Y., Jia, X.M.,
and Lin, X. (2013). C-type lectin receptors Dectin-3 and Dectin-2 form a
heterodimeric pattern-recognition receptor for host defense against
fungal infection. Immunity 39, 324-334. https://doi.org/10.1016/j.im-
muni.2013.05.017.

Lo, Y.L., Liou, G.G., Lyu, J.H., Hsiao, M., Hsu, T.L., and Wong, C.H.
(2016). Dengue virus infection is through a cooperative interaction be-
tween a mannose receptor and CLEC5A on macrophage as a multivalent
hetero-complex. PLoS One 11, e0166474. https://doi.org/10.1371/jour-
nal.pone.0166474.

Shen, Z., Reznikoff, G., Dranoff, G., and Rock, K.L. (1997). Cloned den-
dritic cells can present exogenous antigens on both MHC class | and
class Il molecules. J. Immunol. 158, 2723-2730.

Nakano, H., and Cook, D.N. (2013). Pulmonary antigen presenting cells:
isolation, purification, and culture. Methods Mol. Biol. 7032, 19-29.
https://doi.org/10.1007/978-1-62703-496-8_2.


https://doi.org/10.1182/blood-2005-08-3264
https://doi.org/10.1126/sciimmunol.aax6908
https://doi.org/10.1038/ni.1692
https://doi.org/10.1038/ni.1692
https://doi.org/10.1002/eji.201343752
https://doi.org/10.1016/j.immuni.2013.05.017
https://doi.org/10.1016/j.immuni.2013.05.017
https://doi.org/10.1371/journal.pone.0166474
https://doi.org/10.1371/journal.pone.0166474
http://refhub.elsevier.com/S2211-1247(23)00219-X/sref99
http://refhub.elsevier.com/S2211-1247(23)00219-X/sref99
http://refhub.elsevier.com/S2211-1247(23)00219-X/sref99
https://doi.org/10.1007/978-1-62703-496-8_2

Cell Reports

STARXxMETHODS

KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

a-mouse CD16/CD32 (rat) — blocking
non-specific staining by flow cytometry
a-FLAG, clone M2 (mouse)

a-HA-11, clone 16B12 (mouse)

a-LMANT1, clone OTI1A8 (mouse) — used with
secondary reagents for quantitation of LMAN1
cell surface expression by flow cytometry,
used for blocking experiments

a-LMANT1, clone E2B6H (rabbit) - Western Blot
PE a-mouse/human LMAN1, clone OTI1A8
(mouse) — for measuring LMAN1 expression
on various cell types by flow cytometry

PE Mouse IgG1, k Isotype Control — control for
LMAN1 expression on HDM positive cells

BD Biosciences

Sigma-Aldrich
Biolegend
Novus

Cell Signaling
Novus

BD Biosciences

Cat# 553142; RRID:AB_394657

Cat# F1804; RRID:AB_262044
Cat# 901501; RRID:AB_2565006
Cat# NBP2-03381; RRID:AB_2934291

Cat# 13974; RRID:AB_2798356
Cat# NBP2-71152PE; RRID:AB_2934292

Cat# 555749; RRID:AB_396091

PerCP/Cy5.5 a-mouse CD103 clone 2E7 (hamster) Biolegend Cat# 121416; RRID:AB_2128621
PE/Cy7 a-mouse I-AP clone AF6-120.1 (mouse) Biolegend Cat# 116420; RRID:AB_10575296
Alexa647 a-mouse CD11b clone M1/70 (rat) Biolegend Cat# 101218; RRID:AB_389327
APC/Cy7 a-mouse CD11c clone N418 (hamster) Biolegend Cat# 117324; RRID:AB_830649
Alexa647 a-mouse CD317 clone 2E7 (rat) Biolegend Cat# 127014; RRID:AB_1953289
PerCP a-mouse CD11b clone M1/70 (rat) Biolegend Cat# 101230; RRID:AB_2129374
APC a-mouse CD326 clone G8.8 (rat) Biolegend Cat# 118213; RRID:AB_1134105
Human TruStain FcX - blocking Biolegend Cat# 422302; RRID:AB_2818986
non-specific staining by flow cytometry

FITC a-human lineage cocktail [CD3, Biolegend Cat# 348801; RRID:AB_10612570
CD14, CD16, CD19, CD20, CD56] (mouse)

FITC a-human CD3 clone SK7 (mouse) Biolegend Cat# 344804; RRID:AB_2043993
FITC a-human CD19 clone 4G7(mouse) Biolegend Cat# 392508; RRID:AB_2750099
FITC a-human CD20 clone 2H7 (mouse) Biolegend Cat# 302304; RRID:AB_314252
FITC a-human CD56 clone HCD56 (mouse) Biolegend Cat# 318304; RRID:AB_604100
PerCP a-human HLA-DR clone L243 (mouse) Biolegend Cat# 307627; RRID:AB_893574
PE/Cy7 o-human CD11c clone S-HCL-3 (mouse) Biolegend Cat# 371507; RRID:AB_2650779
APC o-human CD123 clone 6H6 (mouse) Biolegend Cat# 306011; RRID:AB_439778
APC o-human CD14 clone M5E2 (mouse) Biolegend Cat# 301808; RRID:AB_314190
APC/Cy7 a-human CD16 clone 3G8 (mouse) Biolegend Cat# 302018; RRID:AB_314218
a-phospho p105, clone 18E6 (rabbit) Cell Signaling Cat# 4806S; RRID:AB_2282911
a-phospho IkBa, clone 5A5 (mouse) Cell Signaling Cat# 9246S; RRID:AB_2267145
a-lkBa, clone L35A5 (mouse) Cell Signaling Cat# 4814S; RRID:AB_390781
a-phospho p65, clone 93H1 (rabbit) Cell Signaling Cat# 3033S; RRID:AB_331284
a-FCER1G, polyclonal (rabbit) Millipore Sigma Cat# 06-727; RRID:AB_310227
a-SHP-1, clone E1U6R (rabbit) Cell Signaling Cat# 26516S; RRID:AB_2934293
a-beta actin, clone C4 (mouse) Santa Cruz Cat# sc-47778; RRID:AB_626632
a-tubulin, clone TU-02 (mouse) Santa Cruz Cat# sc-8035; RRID:AB_628408
Biological samples

Human healthy and asthmatic This paper N/A

PBMCs [see S10]

(Continued on next page)

Cell Reports 42, 112208, March 28, 2023 17



¢? CellPress

OPEN ACCESS

Cell Reports

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
Dermatophagoides pteronyssinus extract Citeq 02.01.85
Dermatophagoides pteronyssinus Citeq 02.01.88
extract, biotinylated
Der p 1, biotinylated Citeq 02.01.73
Dermatophagoides farinae Citeq 02.02.88
extract, biotinylated
Critical commercial assays
LRC-TriCEPS DualSystems N/A
Experimental models: Cell lines
HEK293T ATCC Cat# CRL-3216
THP-1 ATCC Cat# TIB-202
NIH/3T3 ATCC Cat# CRL-1658
DC2.4 Dr. Kenneth L. Rock N/A

(Shen et al.*%)
DC2.4 LMAN1 shRNA This paper N/A
DC2.4 empty vector This paper N/A
DC2.4 LMAN1 overexpression This paper N/A
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Streptavidin-HRP Biolegend Cati# 405210
Mouse LMAN1 siRNA Qiagen Cat# 1027416
AllStars Negative Control siRNA Qiagen Cat# 1027417
AB47 conjugation kit Abcam Cat# ab269823
a-FLAG affinity resin Thermo Scientific Cat# A36803
Zombie green viability dye Biolegend Cat# 423112
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Justine
T. Tigno-Aranjuez (justine.tigno-aranjuez@ucf.edu).

Materials availability

Plasmids generated in this study will be provided to interested parties upon request under an MTA with UCF. DC2.4 cell lines
stably under or overexpressing LMAN1 will be provided to interested parties upon request under an MTA with Dr. Kenneth L.
Rock for use of derivatives of his original materials. THP-1 cell lines stably under or overexpressing LMAN1 will be provided
to interested parties upon request under an MTA with UCF. Items generated in this manuscript are also listed within the key
resources table.

Data and code availability
All data reported in this manuscript will be shared by the corresponding author upon request.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Eight to twelve week old C57BL/6J mice (Jackson Laboratories; Bar Harbor, ME) (Cat# 000664) of both sexes were used for the
studies. Mice were housed in the specific pathogen free, AALAC-accredited, animal facility at the UCF Health Science Campus at
Lake Nona. All procedures were conducted in accordance with animal protocols approved by the University of Central Florida Insti-
tutional Animal Care and Use Committee (IACUC).

Human subjects

Human subjects included in the study ranged from 21-49 years in age and included both sexes. Additional (deidentified) information
for each individual can be found in Table S1 [T1]. Human studies were conducted in accordance with a protocol reviewed and
approved by the University of Central Florida Institutional Review Board (SBE-16-12711) and informed consent was obtained
from all subjects involved.

Cell lines

DC 2.4 cells (kindly provided by Dr. Kenneth L. Rock, UMass)® were cultured in RPMI (Corning; Corning, NY) (Cat# 10040CM) con-
taining 10% FBS (MilliporeSigma; Burlington, MA) (Cat# F0926), 1x antibiotic-antibiotic (Gibco; Waltham, MA) (Cat# 15240062) and
2mM L-glutamine (Gibco; Waltham, MA) (Cat# 25030081). THP-1 cells (ATCC; Manassas, VA) (Cat# TIB-202) were cultured using
RPMI supplemented with 10% FBS, 1x antibiotic-antibiotic and 2mM L-glutamine. HEK 293T and NIH/3T3 cells (ATCC; Manassas,
VA) (Cat# CRL-3216 and CRL-1658 respectively) were cultured using DMEM (Corning; Corning, NY) (Cat# 10013CV) supplemented
with 10% FBS and 1x antibiotic-antimycotic. Cell lines stably transduced to underexpress or overexpress LMAN1 were additionally
grown in the presence of Puromycin at 1:1500 (Invivogen; San Diego, CA) (Cat# ant-pr-1).

METHOD DETAILS

TriCEPs assay for Ligand-Receptor Capture

THP-1 DCs were generated as previously described.>® Cell concentrations were adjusted to 5x10° cells/mL in RPMI medium
and incubated with 100 ng/mL human GM-CSF and 100 ng/mL human IL-4 on days 1 and 3 of the culture (PeproTech; Cran-
bury, NJ) (Cat# HDC). On day 5, cells were adjusted to 5x10° cells/mL in low serum (0.1% FBS) RPMI and 100 ng/mL human
GM-CSF, 200 ng/mL human IL-4, 20 ng/mL human TNF-a (PeproTech; Cranbury, NJ) (Cat# 300-01A) and 200 ng/mL ionomy-
cin (MilliporeSigma; Burlington, MA) (Cat# 13909-1ML) were added. On day 8, cells were placed in low serum RPMI without
additional cytokines and used on day 9. Differentiation and maturation was confirmed by flow cytometry. Each stimulation con-
dition required 4x10” THP-1 DCs. Conjugation of allergen or control ligand was performed by incubating 300 ug of house dust
mite extract (Citeq; Groningen, Netherlands) (Cat# 02.01.85) or 300 pg of transferrin (MilliporeSigma; Burlington, MA) (Cat#
T0665) with 3.75 pg of TriCEPs reagent according to manufacturer’s instructions (DualSystems Biotech; Schlieren,
Switzerland). Cells were oxidized by adding LRC buffer and 75 mM NalO, followed by incubation for 15 min with shaking
at 4C. A ratio of 4x10” THP-1 DCs to 300 ng of TriCEPs conjugated ligand was used for the experiments and binding was
performed for 90 mins at 4C. Cells were washed with 1x PBS and cell pellets were sent frozen to DualSystems for lysis, pu-
rification and mass spectrometry.
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Mass spectrometry

The LRC-TriCEPS samples were analyzed on a Thermo LTQ Orbitrap XL spectrometer fitted with an electrospray ion source. The
samples were measured in data dependent acquisition mode in a 90 min gradient using a 10cm C18 packed column. The six remain-
ing individual samples in the CaptiRec dataset were analyzed with a statistical ANOVA model. This model assumes that the measure-
ment error follows Gaussian distribution and views individual features as replicates of a protein’s abundance and explicitly accounts
for this redundancy. It tests each protein for differential abundance in all pairwise comparisons of ligand and control samples and
reports the p-values. The p - values are then adjusted for multiple comparisons to control the experiment-wide false discovery
rate (FDR). The adjusted p-value obtained for every protein is plotted against the magnitude of the fold enrichment between the
two experimental conditions. The area in the volcano plot that is limited by an enrichment factor of 2 fold or greater and an FDR-
adjusted p-value less than or equal to 0.01 is defined as the receptor candidate space.

Generation of stable cell lines and cell culture

For generation of DC2.4 or THP-1 cells with knockdown of LMAN1, shRNA against mouse or human LMAN1 in the pLKO.1 lentiviral
system was used (Horizon Discovery; Boyertown, PA) (Cat# RMM3981-201783827 (mouse) and Cat# RHS3979-201775306 (hu-
man)). For generation of DC2.4 and THP-1 cells with overexpression of LMAN1, pCMV3 SP-N-HA-mouse LMAN1(Sino Biologicals;
Wayne, PA) (Cat# MG5A0204-NY) or pCMV3 human-SP-N-HA-human LMAN1 (Sino Biologicals; Wayne, PA) (Cat# HG161166-NY)
were subcloned into the pBABE puro vector (Addgene; Watertown, MA) (Cat#1764). For retroviral transduction, pBABE plasmids
were used with pUMVC (Addgene; Watertown, MA) (Cat# 8449) and VSV-G (Addgene; Watertown, MA) (Cat# 8454) to generate viral
particles. For lentiviral transduction, pLKO plasmids were used with psPAX2 (Addgene; Watertown, MA) (Cat# 12260) and pMD2.G
(Addgene; Watertown, MA) (Cat# 12259) to generate viral particles. Viral transduction was carried out for 48hrs and cell selection was
carried out using Puromycin.

Transient transfection, SDS/PAGE and western blot

Human WT pED-FLAG-LMAN1, pED- FLAG-LMAN1 ACRD (R44-E296), pED- FLAG-LMAN1 AHelix (G271-N457), and pED- FLAG-
LMANT1 N156A were reported previously.®® Transient transfection of HEK293T cells or NIH/3T3 was performed using calcium phos-
phate transfection. Cell lysates for western blot were obtained using cell lysis buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 1 mM EGTA, 1 mM B-glycerophosphate, 1 mM PMSF, 1 mM NaVQO,, 10 mM calyculin A, protease inhibitor cock-
tail]. Cell lysates were ran on 10% percent bis/acrylamide gels using a Mini-Protean Tetra cell apparatus and transferred to nitrocel-
lulose membranes using a Criterion blotter (all from Bio-Rad; Hercules, California) (Cat# 1658000, Cat# 1620112, Cat# 1704071).
LMAN1 was detected using an - LMAN1 antibody (Cell Signaling; Danvers, MA) (Cat# 13947) or using an o-FLAG antibody
(MilliporeSigma; Burlington, MA) (Cat# F1804). Total protein was detected using stain free gels (Bio-Rad; Hercules, California)
(Cat# 1610182).

Purification of LMAN1 and in vitro binding assay

HEK293T cells were transfected with WT pED-FLAG-LMAN1 using calcium phosphate. The following day, cells were washed with 1x
PBS and lysed using cell lysis buffer. After centrifugation to pellet the insoluble fraction, lysate supernatants were incubated at 4C
overnight with anti-FLAG resin (ThermoFisher; Waltham, MA) (Cat # A36803). Purification was carried out by transferring lysates
into a spin column and performing a series of 1x PBS washes. LMAN1 was purified using acid elution. The purity and identity of
LMAN1 was verified using SDS/PAGE using stain-free total protein gels or by Western Blot using antibodies against FLAG or
LMAN1. A Bradford assay was used to determine the protein concentration of purified LMAN1 (Bio-Rad; Hercules, California)
(Cat# 5000006).

For in vitro binding assays, Nunc Maxisorp plates were coated overnight with 10ug/ml of purified LMAN1. The following day, plates
were washed with 1 x PBS with 1mM Ca?*. Blocking was performed using 1 x PBS containing 1mM Ca?* and 1% BSA. Biotinylated
D. pteronyssinus extracts or Der p 1 (Citeq; Groningen, Netherlands) (Cat# 02.01.88 and Cat# 02.01.73) were diluted in 1 x PBS con-
taining 1mM Ca®* and 1% BSA and allowed to bind overnight. After washing, plates were incubated with Streptavidin-HRP (Bio-
legend; San Diego, CA) (Cat# 405210) and developed using TMB substrate (Invitrogen; Waltham, MA) (Cat# 00420156). For testing
blocking ability of antibodies, plate-bound LMAN1 was first incubated with anti-LMAN1 antibody for 4hrs at 4C prior to incubation
with biotinylated D. pteronyssinus extracts or Der p 1.

Cellular chemokine analysis

DC 2.4 cells were seeded at 0.5x10° cells/well in 24-well plates and treated with 10 ug/mL D. pteronyssinus extracts (Citeq; Gronin-
gen, Netherlands) (Cat# 02.01.85) for 16 hours. Cells were lysed using 120 uL T-PER buffer (ThermoFisher; Waltham, MA) (Cat #
78510). containing protease inhibitors. Samples were analyzed for protein concentration via Bradford Assay and adjusted to
0.5 mg/mL in Legendplex assay buffer. A 13-plex bead-based immunoassay for detection of mouse pro-inflammatory chemokines
(Biolegend; San Diego, CA) (Cat# 740451) was performed following the manufacturer’s instructions. Samples were acquired using a
6-color Novocyte Cytometer (Agilent; Santa Clara, CA) (Cat# 2010049) and analyzed using the provided Legendplex software (Bio-
legend; San Diego, CA).
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Assessing in vivo LMAN1 expression

D. pteronyssinus extract (Citeq; Groningen, Netherlands) (Cat# 02.01.85) was labelled with Alexa647 using a commercial kit (Abcam;
Waltham, MA) (Cat# ab269823) and 60 ng was delivered intratracheally. One day later, mice were euthanized and BAL cells obtained.
One million BAL cells were stained with an a-LMANT1 or isotype control antibody to determine expression of LMAN1 on cells which
had bound or taken up HDM. For flow cytometry of APC subsets, lung tissue was digested and enriched for APCs via Nycodenz
gradient centrifugation.'® For detecting LMAN1 on CD103* and CD11b* lung DC populations, the following staining panel was
used: PE anti-mouse LMAN1 (OTI1A8), PerCP/Cy5.5 anti-mouse CD103(2E7), PE/Cy7 anti-mouse [-A° (AF6-120.1), Alexa647
anti-mouse CD11b (M1/70), APC/Cy7 anti-mouse CD11c (N418). For detecting LMAN1 on lung pDC populations, the following stain-
ing panel was used: PE anti-mouse LMAN1 (OTI1A8), Alexa647 anti-mouse CD317(2E7), PerCP anti-mouse CD11b (M1/70), APC/
Cy7 anti-mouse CD11c (N418). For AEC staining, lungs were enzymatically digested and homogenized using a lung dissociation
kit and GentleMacs (Miltenyi Biotec; Auburn, CA) (Cat # 130-095-927) and stained with PE anti-mouse LMAN1 (OTI1A8) and APC
anti-mouse CD326 (G8.8). All cells were blocked prior to staining using anti-mouse CD16/32 (2.4G2).

Cellular binding assays

Detection of HDM or Der p 1 binding was conducted by incubating 1 million cells with 5 ng/mL biotinylated D. pter extract (02.01.88),
D. farinae extract (02.02.88) or Der p 1 (02.01.73), (Citeq Biologics, The Netherlands) for 45 min at 37 C. This was followed by incu-
bation with Streptavidin Alexafluor 647 (Biolegend; San Diego, CA) (Cat# 405237). Live cells were gated and histograms for the rele-
vant channels were generated. All samples were acquired using a 6-color Novocyte cytometer (Agilent; Santa Clara, CA) (Cat#
2010049) and analyzed using NovoExpress software.

NF-kB dual-luciferase assay

Mouse or human LMAN1 constructs (Sino Biologicals; Wayne, PA) (Cat# MG5A0204-NY and Cat# HG161166-NY) were transfected
into NIH/3T3 cells or HEK293 cells, respectively, using calcium phosphate transfection. Transfections were performed using
increasing concentrations of LMAN1 (0.3-4.5 pg). To measure NF-«kB activity, 150 ng of NF-kB-firefly luciferase and 100 ng of
CMV renilla luciferase were co-transfected with an empty vector or with LMAN1. After 16 hr incubation, cells were treated with
50 ng/uL mouse or human TNF-« and lysates were harvested 5 hrs after treatment. The dual luciferase assay was performed accord-
ing to manufacturer instructions (Promega; Madison,WI) (Cat# E1910). Luminescence was read using a Cytation 5 plate reader (Agi-
lent; Santa Clara, CA) (Cat# BTCYT5MPV).

Generation of bone-marrow derived dendritic cells (BMDCs) and siRNA knockdown
Bone marrow from mouse tibias and femurs were counted and grown at 2x10° cells/ml in petri dishes with 10mL complete RPMI
media containing 20ng/mL GM-CSF (Peprotech; Cranbury, NJ). On day 3, an additional 10mL media with 20ng/mL GM-CSF was
added. On day 6, half the media was replenished with 10mL complete RPMI media containing 20ng/mL GM-CSF. At day 7 or 8, cells
were used or matured further using 30ng/mL TNF-o. for another 48hours. Confirmation of BMDC cell surface phenotype was as-
sessed by FACs analysis.

siRNA knockdown of mLMAN1 was performed via electroporation using a Gene Pulser Xcell system (Biorad; Hercules, CA). The
conditions were: 400V, 150pF, 1009 using 2 x 10° cells/ cuvette in a 200 pL volume containing 6 ng of control or mMLMAN1-specific
siRNA (Qiagen; Germantown, MD).

Human samples and flow cytometry staining panels

Human peripheral blood mononuclear cells were isolated via Lymphoprep density gradient centrifugation from whole blood
(StemCell; Cambridge, MA) (Cat# 07801). For identification of peripheral CD123*DCs and basophils, the following staining panel
was used: FITC anti-human Lin [CD3(UCHT1), CD14(HCD14), CD16(3G8), CD19(HIB19), CD20(2H7), CD56(HCD56)], PE anti-human
LMANT1 (OTI1A8), PerCP anti-human HLA-DR (L243), PE/Cy7 anti-mouse CD11c¢ (S-HCL-3), APC anti-human CD123 (6H6). For iden-
tification of monocyte populations, the following staining panel was used: FITC anti-human Lin [CD3(SK7), CD19(4G7), CD20(2H7),
CD56(HCD56)], PE anti-human LMAN1 (OTI1A8), PerCP anti-human HLA-DR (L243), PE/Cy7 anti-mouse CD11c (S-HCL-3), APC
anti-human CD14 (M5E2), APC/Cy7 anti-human CD16(3G8). FMO controls excluded PE anti-human LMAN1 antibody. All cells
were blocked prior to staining using Human TruStain FcX. All samples were acquired using a 6-color Novocyte cytometer (Agilent;
Santa Clara, CA) (Cat# 2010049) and analyzed using NovoExpress software.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed by. Dr. Xiang Zhu. The specific analyses are described separately for each experiment and indi-
cated within the figure legends. Raw data (MFI, absorbance, luminescence, pixel intensities) were analyzed using GraphPad Prism 9.

When ANOVA was performed, a post-hoc Tukey test was conducted for pairwise comparisons to control for Type | error. All statistics
tests were two-tailed with o <0.05 considered to be significant.
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Figure S1. Optimization of conditions for LRC-TriCEPs and Mass Spectrometry Details from Main
LRC-TriCEPs Experiment, Related to Figure 1. A. Testing optimal TriCEPs:HDM conjugation ratio using
TriCEPs Pre-test reagent (TriCEPS v.2.0, biotin purification arm) and dot blot analysis. Spotted conjugates were
detected using Streptavidin-HRP. TriCEPs can successfully bind a complex mixture of proteins found in

house dust mite extract (HDME) and different ratios of TriCEPs to HDM can affect the efficiency of conjugation.
B. FACs analysis of unoxidized (blue) and mildly oxidized (green) THP-DCs incubated with TriCEPs v.2.0
conjugated HDME, followed by labeling with Streptavidin-FITC and flow cytometric analysis. This confirms that
the optimal TriCEPs:HDM conjugation ratio does not interfere with binding to target receptors on the cell surface
and that the conditions and period of incubation with cells is sufficient to result in interaction of TriCEPs
conjugated HDM with target receptors. After condition optimization, the conjugation is repeated using a TriCEPs
reagent with a different (non-biotin) purification arm optimized for use with mass spectrometry. This non-biotin
conjugate was used for the main (scaled up) experiment presented in Figure 1. C. Protter images of the
candidate receptors showing identified peptides in blue. D. Additional information for classifying proteins as likely
or unlikely candidate receptors. THP-DCs: THP-1 cells differentiated into the dendritic cell lineage.
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Figure S2. Verification of Knockdown or Overexpression of LMAN1 in DC2.4 and THP-1 cells,
Related to Figure 2. A. Cell lysates were harvested from the indicated cell lines and SDS/PAGE
followed by Western Blotting was performed using an anti-LMAN1 antibody. Images were captured
digitally and obtained signal intensities were normalized to the control vector for each line. Quantitation
and analysis is shown below each representative Western Blot image. Both DC2.4 and THP-1 cell lines
show appropriate knockdown or overexpression of total LMAN1 via Western Blot. B. The indicated cell
lines were also assessed for cell surface LMAN1 expression by flow cytometry using an anti-LMAN1
antibody. Quantitation and analysis is shown below each representative histogram. Both DC2.4 and
THP-1 cell lines show appropriate knockdown or overexpression of cell surface LMAN1 via flow cytometry.
Data are represented as mean + SEM. A one-way ANOVA was used to assess significance. * = p<0.05,

** = p<0.01, *** = p<0.001, **** = p<0.0001. Independent experiments: S2A:DC2.4 (n=3), S2A:THP-1 (n=3),
S2B:DC2.4 (n=9), S2B:THP-1 (n=9).
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Figure S3. LMAN1 binds to multiple house dust mite species, Related to Figure 2.
Cell lines underexpressing or overexpressing LMAN1 were also assessed for their ability
to bind Dermatophagoides farinae (D far). Biotinylated D far was allowed to bind to the
generated cell lines prior to secondary staining with Streptavidin-Alexa647 and analysis

by flow cytometry. Representative histograms for the binding are shown to the left, while
quantification and of MFI is shown to the right. LMAN1 can also bind to Dermatophagoides
farinae. Data are represented as mean + SEM. A one-way ANOVA was used to assess
significance * = p<0.05, ** = p<0.01. Independent experiments: DC2.4 (n=3), THP-1 (n=3).
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Figure S4. Subpopulations of immune cells recruited to the lung also express LMAN1, related to Figure 4.
WT C57BL/6J mice were subjected to a HDM model of allergic airway inflammation. On day 14, BAL cells were
collected and stained with antibodies to identify T cells, B cells and neutrophils via FACS analysis. Gating
strategies are shown above. LMAN1 was also found expressed on a portion of T cells, B cells and neutrophils.
Gray histograms represent fluorescence minus one (FMO) controls. Representative of 2 experiments performed.
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Figure S5. LMAN1 negatively regulates pro-inflammatory chemokine release, Related to Figure 5.
DC2.4 cell lines expressing different levels of LMAN1 were left unstimulated (unt) or stimulated with
10ug/ml HDME overnight (HDM) prior to assessment of pro-inflammatory chemokine production via
bead-based immunoassay. Pro-inflammatory chemokine release in response to HDM is higher in cell
lines expressing less LMAN1. Data are represented as mean £ SEM. A two-way ANOVA was used to
assess significance. * = p<0.05, ** = p<0.01 Two independent experiments were performed and data
was aggregated for n=6.
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Figure S6. Specificity of LMAN1-mediated regulatory responses, Related to Figures 5 and 6.

A. Expanded data from Fig5B showing other components of NF-kB signaling in control and LMAN1
overexpressing DC2.4 cells. DC2.4 empty vector or LMAN1 overexpressing cells were stimulated with HDM for
the timepoints indicated and lysates were subjected to SDS/PAGE and Western Blot to assess modification of
signaling pathway components. B. LMAN1 overexpression does not downregulate NF-kB in response TLR4
agonism. DC2.4 empty vector or LMAN1 overexpressing cells were stimulated with LPS for the timepoints
indicated and lysates were subjected to SDS/PAGE and Western Blot to assess modification of signaling
pathway components. C. TNF-a signaling also induces the FCRy-LMAN1-SHP1 complex. DC2.4 cells were
stimulated with TNF-a for the timepoints indicated. Lysates were collected, FcRy was immunoprecipitated and
complexes were subjected to SDS/PAGE and Western Blot to assess interaction with LMAN1 and SHP-1.

D. The FcRy-LMAN1-SHP1 complex is present in primary cells. WT BMDCs were generated and matured prior
to stimulation with HDM for 0 or 45mins. An extended stimulation for 60mins to overnight is shown on the right.
Lysates were collected, FCRy was immunoprecipitated and complexes were subjected to SDS/PAGE and
Western Blot to assess interaction with LMAN1 and SHP-1. Independent experiments: S6A: n=3, S6B: n=2,
S6C: n=2, S6D: n=3 (0, 45 mins), n=1 (60 mins, overnight). Vertical bars in S6D represents removal of
intervening lanes between beads and HDM time course.
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Figure S7. LMAN1 RNA expression is downregulated in DCs and AECs of asthmatics compared to
healthy controls (HC), Related to Figure 7. The publicly available single cell RNA seq data in the Lung
Cell Atlas was interrogated for LMAN1 expression using the “Asthma airway atlas others” or “Asthma airway
atlas epithelial” datasets. Expression scale indicated to the right of each graph. n=6/group

(sex and age matched).
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Figure S8. Confirmation of BMDC phenotype, Related to STAR Methods. Murine bone marrow cells
were cultured in GM-CSF for 7-10 days for generation of BMDCs A. FACS plots showing expression of
CD11c and MHC cll over the culture and maturation period. B. Histograms showing expression of various
maturation markers over the course of the culture. Representative of 3 experiments performed. Gray
histogram: isotype control staining for day 6 of culture, Red histogram: staining for day 6 of culture,
Green histogram: staining for day 8 of culture, Blue histogram: staining after treatment with maturation
stimulus.
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Figure S9. Confirmation of blocking ability of clone OTI1A8, Related to STAR Methods.

Binding experiments were performed between LMAN1 and biotinylated Der p 1 in the absence or in the
presence of increasing concentrations of OTI1A8 or control IgG. A. Absorbance values obtained were
normalized to Absorbance values observed in the absence of any antibody. B. Data in A were converted to
percent blocking. A dose-dependent blocking effect was observed when OTI1A8 but not control IgG was used.
Two independent experiments were performed.



Eczema/

Subject Atopic Allergic Current
Group Gender Age Race Ethnicity Dermatitis | Rhinitis | Allergies Medication
Healthy Non-hispanic or
Control M 28 White latino N N N none
Healthy Non-hispanic or
Control F 42 White latino N N N none
Healthy
Control F 36 Hispanic or latino N N N none
Healthy Non-hispanic or
Control M 30 Asian latino N N N none
Healthy Non-hispanic or
Control M 41 White latino N N N none
Healthy Non-hispanic or
Control F 28 Asian latino N N N none
Healthy Non-hispanic or
Control M 29 White latino N N N none
American
Indian or
Healthy Alaska
Control F 22 Native Hispanic or latino N N N none
Healthy Non-hispanic or
Control F 21 Asian latino N N N none
dust mite,
Asthma Non-hispanic or pollen, Loratidine,
(Atopic) F 23 White latino Y Y mold, milk | Fluticasone
cat,
mouse,
Asthma Non-hispanic or horse, Fluticasone,
(Atopic) F 42 White latino N Y dog, mold | Vilanterol
dust mites,
cat, dog,
Asthma Non-hispanic or pollen,
(Atopic) F 25 White latino N Y mold none
eggs, milk,
peanut,
dust mite,
cat, dog,
horse,
rabbit,
feathers, Albuterol,
Asthma ragweed, Diphenhydramine
(Atopic) F 23 Hispanic or latino | N Y grass Loratidine
peanut,
shellfish,
soy, dust
mite, cat,
dog, Levosalbutamol,
Asthma grass, tree | Cetirizine, Allergy
(Atopic) F 49 Hispanic or latino | Y Y pollen Shots (3rd year)
cat
dander,
Asthma Non-hispanic or dust mite,
(Atopic) F 36 Asian latino Y Y shellfish none
dust mite,
cat, pollen,
mold,
latex,
Asthma Non-hispanic or eggs, milk, | Triamcinolone
(Atopic) F 34 White latino Y Y soy Acetonide
Asthma Non-hispanic or cat, dog,
(Atopic) F 23 White latino N N pollen none
cat, dust
Asthma Non-hispanic or mite,
(Atopic) M 27 White latino N N shellfish none

Table S1. Human Subjects Information, See also Figure 7 and STAR Methods.
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