Journal Pre-proof

IL-4 Enhances Interferon Production by Virus-Infected Human Mast Cells

Liliana Portales-Cervantes, PhD, Owen M. Crump, BSc, Sarah Dada, MSc,
Christopher R. Liwski, BSc, Jelena Gotovina, MSc, lan D. Haidl, PhD, Jean S.

Marshall, PhD
PII: S0091-6749(20)30264-5
DOI: https://doi.org/10.1016/j.jaci.2020.02.011

Reference: YMAI 14428

To appearin:  Journal of Allergy and Clinical Immunology

Received Date: 2 August 2019
Revised Date: 31 January 2020
Accepted Date: 7 February 2020

Please cite this article as: Portales-Cervantes L, Crump OM, Dada S, Liwski CR, Gotovina J, Haidl
ID, Marshall JS, IL-4 Enhances Interferon Production by Virus-Infected Human Mast Cells, Journal of
Allergy and Clinical Immunology (2020), doi: https://doi.org/10.1016/j.jaci.2020.02.011.

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

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

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


https://doi.org/10.1016/j.jaci.2020.02.011
https://doi.org/10.1016/j.jaci.2020.02.011

[y

H W

10

11
12
13
14

15
16
17
18
19
20

21
22
23

24

25

26
27

28

29

|L-4 Enhances | nterferon Production by Virus-Infected Human
Mast Cells

Liliana Portales-Cervantes PhD? Owen M. Crump BSc?, Sarah Dada M Sc?, Christopher
R. Liwski BSc?, Jelena Gotovina MSc™ €, lan D. Haidl PhD?, Jean S. Marshall PhD?

®Dalhousie Human Immunology and Inflammation Grolgpartment of Microbiology and

Immunology, Dalhousie University, Halifax, Nova $ep Canada

PComparative Medicine, The Interuniversity Mess&#search Institute of the University of
Veterinary Medicine, Vienna, Medical University Viilea and University of Vienna, Vienna,
Austria

“Institute of Pathophysiology and Allergy Researchnter of Pathophysiology, Infectiology and
Immunology, Medical University of Vienna, Viennaustria
Sarah Dada now is affiliated to the Department afrbbiology and Immunology, University of

British Columbia, Vancouver, BC, Canada

Address correspondence to Dr. Jean S. Marshafl.eashall@dal.ca)
Department of Microbiology and Immunology, Dalhaiklniversity
Room 7-C2, 5850 College Street, PO Box 15000

Halifax, Nova Scotia, Canada B3H 4R2

Phone: 902-494-5118

This work was supported by The Canadian InstitdtesHealth Research, award number
MOP93517. OC is supported by the Beatrice Huntemc€a Research Foundation. CL was
supported by an AllerGen NCE summer studentshipdawa

The authors declare no commercial or financial kcindf interest.

Keywords: Innate immunity, Respiratory Syncytiatd, Reovirus, Influenza, Asthma, Anti-
viral immunity



30

31

32

33

Capsule Summary

IL-4 treatment of human mast cells enhanced #2Nand IFNAL production in response to
several respiratory viral infections. This suggestainforeseen role for IL-4 in promoting innate

immunity to viral infection.
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To the Editors,

It is well recognised that individuals with allezgdiseases such as asthma and atopic
dermatitis clear some viral infections poorly comgahto healthy subjecfs? Respiratory viral
infections including respiratory syncytial virus§R), influenza A virus (IAV), and rhinovirus
can promote asthma exacerbations and are assowiéitedihcreased morbidity and mortality.
Type | @/B) and type Ill {) interferons (IFNs) are critical for antiviral @gfce, inhibit viral
replication, and mobilise host defense mechanidbeficient IFN production in allergic
individuals has been associated with impaired #ativesponses . Some authors have
reported that J2-associated mediators, such as IL-4, IL-13, or bgktling to FeRI, critically
downregulate anti-viral mechanisms and IFN produrcin virus infected plasmacytoid dendritic

cells and epithelial cefls

Mast cells are both key players in allergic diseasd critical sentinel cells for host defence
against infection. They have been demonstratedespond to a variety of viral infections,
including common respiratory viruses, through thedpction of mediators including substantial
amounts of a wide range of IFNs, usually withougrdaulatioi®. These responses can be
evaluatedn vitro using primary cultured human mast cells such ad btood-derived human

mast cells. We hypothesised that mast cells magifgntheir IFN expression in the context of
an IL-4 or IL-13 rich microenvironment. The impaxftiL-4 or IL-13 treatment on human mast

cell IFN responses to viral infection was therefexamined.

In initial studies, human mast cells were pretreédta 48h with IL-4, then infected with the

dsRNA virus, reovirus. The levels of productionIBN-a2 and IFNAL in response to these
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infections were assessed. Notably, IL-4 pre-treatrsgnificantly enhanced the IFN responses
of mast cells following viral infection (Fig 1A).hEse responses were dose-dependent (Fig 1B)
and consistent across multiple human donors, aiinothere was some variation in the
magnitude of effect between individuals. The apitif IL-4 to modify the IFN responses to the
sSRNA viruses RSV and IAV was also examined, faogssn IFN«2 since IFNA1 was not
substantially induced by these infections in madiscThe IFNe2 response to both viruses was
significantly enhanced by IL-4 pre-treatment of maals (Fig 1C, D). Notably, for both RSV
and reovirus infection, the observed increase N tEsponses took place in the absence of
evidence of enhanced levels of mast cell viral atiéa. In contrast, elevated 1AV gene

expression was observed following IL-4 treatmentnakt cells (Fig E1 in online repository).

In view of these findings, the ability of both humapithelial cells and peripheral blood
monocytes to modify their IFN response to viralegtfon following IL-4 treatment was
examined. Peripheral blood monocyte production BN-62 and IFNA1 or Calu-3 cell
production of IFN-A1 in response to viral infection was neither enleanigor inhibited by prior

IL-4 treatment (Fig E2 A, B).

Since decreased IFN production could be mediatealtbyations in RNA sensor expression, the
impact of IL-4 treatment of mast cells on selectRlA sensors was also examined
(supplementary Table 1). The expression levels a$trnof these were unchanged, with only a

modest increase in TLR3 mRNA observed. Howeveg Was not accompanied by increased



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

responsiveness to transfection with the TLR3 lighaigth molecular weight poly(l:C) (Fig E2 C,

D).

To examine the requirement for extended IL-4 peattment and potentially for IL-4-induced
maturation, mast cells were exposed to IL-4 attthee of viral infection. Such acute IL-4
treatment had a similar enhancing impact on IFNdpetion as 48h IL-4 pre-exposure (Fig 1A).
IL-4 exerts its activities by interacting with egthtype | (IL-4Rv andyC subunits) or type 1l (IL-
4Ra and IL-13Rul) IL-4 receptor complexes. Since the latter remepbmplex is shared with
IL-13, these cytokines often induce similar biologffects. We therefore examined the receptor
complex mediating IL-4 enhanced IFN responsesta unfection. Antibody blockade of either
the IL-4Ru or theyC chain, or pharmacological inhibition of STAT6 WifS1517499 resulted in
loss of IL-4 enhanced IFN responses to viral infec{Fig 2 A-B). In contrast, inhibition of IRS-

2 did not significantly modify the response to ILA&EN-A1, pg/ml; n=6. Reovirus: 1337+378.6
vs Reovirus + IL-4: 19984518.1. Reovirus + NT-18781+363.5 vs Reovirus + NT-157 + IL-4:
1672+466.4 pg/ml). Taken together, these data stdgaet the action of IL-4 in enhancing mast
cell IFN-a2 and IFNAL responses to viral infection occurs through thpetl IL-4 receptor. To
further define the potential role of the type IFHLreceptor, mast cells were pretreated with 1L-13
in place of IL-4. While enhanced STAT6 phosphoigiatwas detected in response to IL-13, no

significant enhancement of IFN responses to virfdtion was observed (Fig E3 A, B).

To further consider the impact of allergic diseagemast cell responses to viral infection we

also evaluated the impact of IgE-mediated activatd IL-4 primed mast cells on IFN2 and
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IFN-A1 responses to viral infection. Notably, concurrlgi-mediated activation increased the

IFN-02 and IFNAL responses of mast cells to viral infection by £.53-fold (Fig 2 C).

Overall, these data demonstrate that unlike itabfished impact on bronchial epithelial cells
and plasmacytoid dendritic celldL-4 treatment of mast cells induces an increaype | and
type Il IFN response to mucosal viral infectiorid response is mediated by the type | IL-4
receptor and does not occur in response to IL-I&s@& findings suggest that care should be
taken in considering potential local impacts ofdllor IgE-blockade on viral host responses at
mast cell-rich sites. The optimal size, nature Emdjevity of the local IFN responses necessary
to combat mucosal viral infection while avoidingnaizging inflammatory responses remains
poorly defined, especially in the context of asth@ar data demonstrate novel mast cell and IL-
4-dependent processes which could substantiallyifgnedich responses to viral infection in

allergic individuals.
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FigureLegends.

Figure 1. Human mast cells were primed with 10 ng/ml or iatkd concentration of IL-4, A-D)
or left unstimulated (Media) for 48h. Mast cellsres¢ghen exposed to reovirus, A, B and E), 1AV
C), or RSV D), and cultured in the presence or atséMedia) of 10 ng/ml IL-4 A, C-E) or as
indicated B for 24 hours. IFN1 and IFNeZ2 production were determined by ELISA and

Luminex, respectively. * p<0.05, ** p<0.01, *** 001.

Figure 2. Mast cells were pre-treated for 1.5 hours withtasdies A) specific for human IL-
4Ra, humanyC or a mouse 1gG2a isotype control. A STAT6 intubi{tA51517499) was pre-
incubated, B) with cells for 1 hour. Mast cells eeensitized, C) with human IgE in the
presence of IL-4 for 4 days. Mast cells were thdadted with reovirus A-C) and cultured in the
presence or absence of IL-4 (acute treatment Ax)bodies or chemical inhibitors, as

indicated, for 24h for IFN:L and IFNe2 analysis. * p<0.05, ** p<0.01, *** p<0.001.
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Supplementary M ethods

Study approval
Umbilical cord blood samples and peripheral blo@ingles were obtained following approval from the
Research Ethics Board of the Izaak Walton KillakWKl) Health Centre, Halifax, Canada. Adult blood dmn

provided written informed consent.

Viral agents

Viruses used in this study were kindly provided by Shashi Gujar (type 3 Dearing reovirus; Dalheusi
University, Halifax, Canada), Dr. Robert Anders&8V long strain; Dalhousie University), Dr. Markepées
(rgRSV; Center for Vaccines and Immunity, The Redealnstitute at Nationwide Children’s Hospital,
Columbus, OH), and Dr. Craig McCormick (mouse addpind human pandemic influenza A virus, H1IN1

A/CA/07/2009; Dalhousie University).

Cell culture

Cord blood-derived human mast cells were diffeegatd by long term culture of cord blood-derived
mononuclear cells according to Enokssbal® following the adaptation described by Portalesv@eteset al %,
Mast cell purity was95% based on c-kit (anti-CD117 antibody) expressigmically, mast cell cultures were
>99% positive for tryptase and devoid of dendritills >. Human monocytes were isolated from healthy
donors. Briefly, peripheral blood mononuclear cellsre separated by Lympholyte-H cell separationianed
(Cedarlane, Burlington, Canada) density gradientrdagation. Monocytes were isolated by positietestion
using an EasySep human monocyte enrichment kit JH_L Technologies, Vancouver, Canada) and were
cultured in RPMI 1640 (Thermo Fisher Scientific,d8issauga, Canada) supplemented with 10% FBS (Gibco
Gaithersburg, MD) and 10 ng/ml GM-CSF BioLegendn(aego, CA) prior to virus infection. Calu-3 cells
were purchased from ATCC (Manassas, VA) and cudtimeDulbecco’s modified Eagle medium/Ham’s F-12

nutrient mixture (Thermo Fisher Scientific) supptated with 10% FBS.

Cdll activation
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Mast cells, monocytes, and Calu-3 cells were atdt/avith 10 ng/ml 1L-4 (BioLegend) at 3Z for up to 48
hours in their corresponding culture medium. Cdntells were left non-stimulated. Culture mediumswa
removed, cells were resuspended in plain RPMI, saliand infected with 5 MOI reovirus at °€7 for one
hour. Once reovirus was washed off, cells weresmsoded in activation medium (culture medium wi@SF
reduced to 1% for monocytes and Calu-3 cells; RBMiplemented with 1% FCS, 10 ng/ml SCF, and 100
ng/ml soybean trypsin inhibitor for mast cells) &iL0f cells/ml for 24 hours. IL-4 was added to culturétLe4
primed mast cells following infection. In additiém reovirus, IL-4-primed mast cells were expose® Ol
influenza A virus for one hour or 4 MOI RSV for tvimurs. Where indicated, mast cells were primed il

or 50 ng/ml IL-13 following infection with reoviruas mentioned above. For TLR3 activation, IL-4-gdnor
control-mast cells were transfected with high molacweight poly(l:C) (Invivogen, San Diego, CA)lfawing

the manufacturer’s instructions. Briefly, both Lipotamine 2000 (Thermo Fisher Scientific) and pigIml
poly(:C) were mixed at a 1:1 ratio. Mast cells 10% cells/ml) were cultured in activation medium ireth
presence of poly(l:C) or Lipofectamine alone (cohtrat 37C for 24 hours. For FERI cross-linking
experiments, mast cells were sensitized with 3bnl human IgE (MilliporeSigma, Burlington, MA) ithe
presence of 10 ng/ml IL-4 for 96 hours at 37°C.t@l medium was removed, cells washed and subsiyguen
infected with reovirus. Following infection, mastlis were resuspended at 18b@lls/ml in activation medium
and treated with 2.5 pg/ml anti-human IgE (SoutBestech, Birmingham, AL) or IgGl (BioLegend)
antibodies at 3TC for up to 24 hours post-infection.

Culture supernatants were harvested for cytokirdyais following centrifugation and cells were lgse RLT

buffer (Qiagen, Hilden, Germany) for mRNA analysis.

MRNA Analysis
Total RNA was isolated with an RNeasy Mini kit (@&n). cDNA was generated with a QuantiTect Reverse
Transcription Kit (Qiagen). Gene expression wadyaied in a CFX96 Real-Time Detection system (BiaiRa

Hercules, CA) using primers from Bio-RatFNA2, STING) or Qiagen IFNL1, TLR3, TLR7, TLR9, PKR,
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IFIH1, DDX58) and SsoAdvanced Universal SYBR green supermio-fad). Gene expression was
normalized to at least two reference geh#aRT andTBP (Qiagen). The level of reovirus and IAV infectiom i
human mast cells was analyzed by ddPCR using praies (Sigma, Oakville, Canada) for the S4 and NS
gene*, respectively, in a C1000 touch thermal cycleofRiad). Data was analyzed in a QX200 droplet reads

(Bio-Rad) using Quantasoft software (Bio-Rad).

Cytokine production analysis
IFN-a2 and IFNA1 were measured using the Bio-Plex Pro-human aytolissay (Thermo Fisher Scientific) or

an ELISA kit from R&D (Minneapolis, MN) respectiwelfollowing the manufacturers instructions.

IL-4 signaling blockade

Mast cells were pre-treated withug/ml mouse IgG2a (BioLegend), anti-human ILeARR&D) or anti-human
commony chain {c; R&D) antibodies for 1.5 hours at ®7, 5% CQ. In separate experiments, mast cells were
treated with the STAT6 inhibitor AS1517499 (Axon débem, Reston, VA) or the IRS 1/2 inhibitor NT-157
(Axon) for one hour at 3T. Following mast cell pre-treatment with eithetilaodies or inhibitors, mast cells
were set up for reovirus infection as mentionedvabMast cells were resuspended in activation nmdiuthe
presence or absence of 10 ng/ml IL-4 when indica@dibodies and chemical inhibitors were re-adttedell
culture following infection. Cytokine analysis wagrformed 24 hours post-infection and represenge@oa
increase in IFNk1 production: (Mast cell IFN production under traaht — Mast cell basal IFN production) /
Mast cell basal IFN production * 100. “Treatmengitiesponds to: 10 ng/ml IL-4 (IL-4), isotype contralL-4,
anti-IL-4Ra antibody + IL-4, or antyC antibody + IL-4; “basal” indicates the absencélLefl or antibodies in
mast cell cultures previous or post-infection. Altgively IFNAL1l production, represented as IRM-
production by IL-4-activated reovirus-infected meslis - IFNA1 production by reovirus-infected mast cells.
FACSanalysis

Human mast cells infected with the rgR8Were fixed in 1% paraformaldehyde. For intracelistaining of

non-GFP RSV, cells were manipulated as describedl4fif et al 3. STAT6 phosphorylation was analyzed in
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mast cells stimulated in culture medium with 10migiL-4 or 10 and 50 ng/ml IL-13 for 30 minutes3&&°C.
Cells were fixed with 4% paraformaldehyde followipgrmeabilization in 100% methanol. Cells were
resuspended in 1% BSA/PBS and stained with antspih@-STAT6 monoclonal antibody (Thermo Fisher
Scientific) or a relevant isotype control. Maslicavere analyzed in a FACSCanto Il system (BD Biesces,

San Jose, CA). Data was analyzed with FlowJo ¥wswé (FlowJo, LLC, Ashland, OR).

Statistical analysis

Distribution of data was examined by Shapiro-WilkdaKolmogorov-Smirnov tests. Depending on data
distribution, repeated-measures ANOVA or Friedmae'st were carried out for multiple comparisonshwit
Bonferroni’'s or Dunn's test on selected pairs ugesit-hoc test, respectively. Differences were amred
significant at p<0.05. Statistical analyses werefgomed using GraphPad Prism software version 5.0

(GraphPad Software Inc. San Diego, CA) and Instiitvare (GraphPad Software Inc).
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Supplementary Figure L egends

Fig E1. Human mast cells were primed with 10 ng/ml IL-4Q\,D or left unstimulated (Media and B) for 48
hours. Mast cells were then exposed to reovirug,dARSV and cultured in the presence or absenas @ of
10 ng/ml IL-4 for 24 hourd\Sl and$4 gene expression were analyzed by ddPCR. RSV téwefection was

determined by FACS.

Figure E2. Calu-3 epithelial cells A), and human peripherahocytes B) were primed with 10 ng/ml IL-4 or
left unstimulated (Media) for 48 hours followed infection with reovirus. IFN production was analgiz

hours post-infection. Mast cells were culturedhia presence or absence (Media) of IL-4 for 48 holltR3
7
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gene expression was analyzed by qPCR, C). Non-gr{iMedia) or IL-4 primed mast cells were treatethwi
Lipofectamine (LPF) or poly(l:C) for 24 houidsNA2 andIFNL1 gene expression was determined by gPCR

D). * denotes p<0.05

Figure E3. Mast cells were stimulated with 10 ng/ml IL-4, 1050 ng/ml IL-13, or left unstimulated (Media)
for 30 minutes at 37C and then analyzed by FACS for phospho-STAT6 (bigeogram) expression A). Mast

cells were primed with 10 ng/ml IL-4, IL-13, or tefnstimulated for 48 hours following by infectiath

reovirus. IFN production was analyzed 24 hours-odsttion B).** denotes p<0.01
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Supplementary Table 1. Viral sensor gene expression in mast cells

Gene Medium IL-4 (10 ng/ml)
TLR7 n.d. n.d.
TLR9®  0.047+0.008 0.0048+0.145
STING 2.75+0.326 2.493+0.228
IFIH1 0.119+0.051 0.089+0.031
DDX58  1.38+0.513 1.59+0.625
PKR 1.42+0.335 1.05+0.162

Data shown as mean+SEM. Gene expression normatiZe®RT; n=7;"n=3; n.d., not detected



