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Ribonuclease T2 from Aspergillus fumigatus promotes T helper
type 2 responses through M2 polarization of macrophages
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Abstract. Allergic bronchopulmonary aspergillosis (ABPA) is
an allergic immunological response to Aspergillus fumigatus
(Af) exposure, which induces a strong T helper 2 (Th2) response
via mechanisms that have yet to be elucidated. The aim of the
present study was to investigate the hypothesis that T2 ribonu-
clease from Af (Af RNASET?2) induces M2-type macrophage
polarization to produce a T helper 2 (Th2) immune response.
Recombinant Af RNASET2 (rAf RNASET?2) was expressed
and purified in a prokaryotic pET system and BALB/c mice
were immunized with rAf RNASET?2 for in vivo analyses.
Expression levels of M2 polarization factors were evaluated in
RAW264.7 macrophages treated with rAf RNASET? in vitro
using flow cytometry, reverse transcription-quantitative PCR,
and western blot analysis. The results predicted that the
mature Af RNASET?2 protein (382 amino acids; GenBank
no. MN593022) contained two conserved amino acid sequence
(CAS) domains, termed CAS-1 and CAS-2, which are also
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characteristic of the RNASET?2 family proteins. The protein
expression levels of the Th2-related cytokines interleukin
(IL)-4,1IL-10, and IL-13 were upregulated in mice immunized
with rAf RNASET2. RAW264.7 macrophages treated with
rAf RNASET?2 showed increased mRNA expression levels of
M2 factors [arginase 1,11-10, and 1I-13]; however, there was no
difference in cells treated with rAf RNASET?2 that had been
inactivated with a ribonuclease inhibitor (RNasin). The protein
expression levels of IL-10 in macrophage culture supernatant
were also increased following stimulation with rAf RNASET?2.
In addition, rAf RNASET?2 upregulated the expression of
phosphorylated mitogen activated protein kinases (M APKs)
in RAW264.7 cells, whereas MAPK inhibitors attenuated
rAfRNASET2-induced IL-10 expression in RAW264.7 cells. In
conclusion, the present study reveals that high rAf RNASET2
activity is required for rAf RNASET2-induced M2 polariza-
tion of macrophages and suggests an important immune
regulatory role for AfRNASET?2 in ABPA pathogenesis.

Introduction

Patients who have abnormal pulmonary immune responses,
such as those with atopic asthma or cystic fibrosis (CF), are
prone to fungal colonization of the respiratory tract (1). The
ubiquitous environmental mold Aspergillus fumigatus (Af)
is the most common cause (2). A clinical study in America
found that ~80% of children with CF also have IgG antibodies
against Asp f 1, an immunodominant Aspergillus peptide
antigen (3). Af antigen exposure following persistent fungal
colonization of the lungs produces allergic bronchopulmonary
aspergillosis (ABPA). There is a high prevalence (28%) of
Aspergillus hypersensitivity and ABPA in patients with bron-
chial asthma, worldwide from a meta-analysis of observational
studies between 1965 and 2008 (4). The pathogenesis of ABPA
is not well understood; however, it is known that patients with
ABPA have immunoglobulin (Ig)E, IgA, and IgG anti-Af
serum antibodies (5).

The pulmonary immune response in patients with ABPA
includes a higher than normal T helper 2 (Th2) response, in
addition to elevated levels of IgE targeting the colonizing
fungus (6). In human bronchial epithelium, Af exposure-trig-
gered promotion of Th2 response is associated with inhibition
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of interferon-f3 signaling through the JAK-STAT]1 signaling
pathway, which shifts epithelial responses from type Thl to
type Th2 (7,8), as well as, activation of protease-activated
receptor-2 and tyrosine-protein phosphate nonreceptor type 11,
which reduces CXCL10 expression, further favoring induction
of a Th2 response (9). In addition, Af has been reported to
promote Th2 responses through thymic stromal lymphopoi-
etin production by human corneal epithelial cells (10). Sera
from patients with ABPA show increased IgE reactivity
to Asp f 2 and Af crude extract; and it has been hypoth-
esized that the Af antigens, Asp f 1 or Asp f 2, may underlie
upregulation of Th2 (11). However, it has been reported that
an ABPA-associated Th2 response can be triggered in the
absence of specific Aspergillus antigens (12). Thus, the mecha-
nisms by which Afinduces Th2 responses remain unknown. In
particular, it is unclear whether the immunomodulatory effects
of Af antigens are associated with the development of ABPA.

Th2 immune responses can be produced by differen-
tiation of macrophages toward an M2 type (13). Induction of
pro-inflammatory responses in human macrophages with Af
has been shown to result in upregulation of tumor necrosis
factor-a and interleukin (IL)-6 (14). In addition, Af produces
a metabolite, gliotoxin, which downregulates vitamin D
receptor expression on macrophages and airway epithelial
cells, which has been shown to lead to increased production of
the Th2 cytokines IL-5 and IL-13 (15). Notably, the T2 ribo-
nuclease (RNASET?2) protein was found to be a major inducer
of Th2 polarization. w-1, a glycosylated RNASET? protein,
which is secreted by Schistosoma mansoni (Sm) eggs and is
abundant in soluble egg antigen extract, has been shown to
condition dendritic cells to prime Th2 responses (16,17). The
glycosylation and ribonuclease activity of Sm w-1 are both
essential to the conditioning of dendritic cells for Th2 polar-
ization (17). In addition, Schistosoma japonicum (Sj) CP1412,
which is a ribonuclease T2 family member, has been shown to
promote M2-type macrophage differentiation (18) and recom-
binant Sj CP1412 has been reported to increase expression
of CD206, arginase 1 (ARGI), and IL-10 in mouse macro-
phages (18).

The aim of the present study was to investigate the
hypothesis that Af-induced Th2 responses, which are observed
in ABPA, may involve RNASET2-mediated M2 polariza-
tion. The recombinant Af RNASET?2 (rAf RNASET?2) was
expressed and purified in a bacterial pET system. Th2 cyto-
kine expression was evaluated in vivo in mice immunized
with rAf RNASET2. M2-type macrophage differentiation
was examined in RAW264.7 macrophages incubated with
rAf RNASET?2 to further investigate whether Af RNASET?2
may be an important immune regulatory factor in ABPA.

Materials and methods

Expression system components and reagents. The following
reagents were purchased for recombinant protein expression:
Escherichia coli (E. coli) BL21 (DE3) plysS cells (Merck
KGaA), pMD 19-T vectors (Takara Biotechnology Co., Ltd.),
pET-His vectors (Wuhan Miaoling Bioscience & Technology
Co., Ltd.), and primer STAR HS DNA polymerase (Takara
Biotechnology Co., Ltd.). Af RNASET2 cDNAs were
synthesized by Nanjing GenScript Biotech Corp. Lysozyme
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(Sangon Biotech Co., Ltd.) and blot membranes (nitrocel-
lulose and polyvinylidene fluoride; Merck KGaA) were used
for pre-purification cell lysis and electrophoresis analysis,
respectively.

Mouse model. A total of 18 female BALB/c mice (6 weeks
of age; 20-22 g) were purchased from Guangdong Medical
Laboratory Animal Center, and housed in a specific
pathogen free facility with six mice per cage under a stable
temperature (24+1°C) and humidity (55+10%). Mice were
kept in open polypropylene cages with clean chip bedding
under a 12-h light/dark cycle with free access to a standard
rodent diet. The animals were acclimatized to the laboratory
for at least 1 week prior to the start of the experiments. The
health status of experimental mice was monitored twice
daily and humane endpoints were used to determine if mice
met the criteria for euthanasia prior to the study end point,
namely weight loss exceeding 10-15% of the body weight,
lethargy, inability to stand, or anorexia. All surgical proce-
dures were performed under 1.5-2% isoflurane anesthesia. At
the end of the experiments, animals were humanely sacri-
ficed using CO, asphyxiation. The flow rate of CO, displaced
~50% of the chamber volume per minute for euthanasia.
The gas flow was maintained for at least 1 min following
clinical death, and death was evaluated monitoring the lack
of movement or visible breathing for 5 min. Both the breeder
of the animals and the assessor of the results are blinded. All
studies involving mice were performed according to proto-
cols approved by the Animal Ethical and Welfare Committee
of the School of Medicine of Shenzhen University. All efforts
were made to minimize discomfort and suffering of the
animals.

Cell culture. The RAW264.7 murine macrophages were
purchased from Guangzhou Cellcook Biotechnology Co.,
Ltd., and cultured in complete DMEM with 10% FBS and
antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin),
at 37°C in a humidified incubator with 5% CO,.

Homology analysis of RNASET2 genes. The analysis of the
amino acid sequence alignment was performed to investi-
gate the sequence conservation of Af RNASET?2 gene in the
ribonuclease T2 family. GenBank (https:/www.ncbi.nlm.nih.
gov/genbank) was used to download the amino acid sequences
of Af RNASET?2 [GenBank ID, XP754496.2; based on the
Af AF293 genome (Genome 1D, 18)], §j CP1412 (GenBank
ID, AY570741.2), Sm -1 (GenBank ID, DQO013207.1),
and Clonorchis sinensis (Cs) RNASET2 (GenBank ID,
GAAS50115.1) were imported into DNAMAN software
(version 8.0; Lynnon Biosoft) for alignment. The sequences
were saved in FASTA format for multiple alignment analysis.
The homologous alignment was calculated according to the
ratio of the number of conserved amino acids to total number
of amino acids.

Recombinant protein expression and purification. The
AfRNASET?2 cDNA was synthesized following codon optimi-
zation and submitted to the National Center for Biotechnology
Information (NCBI) database. The Af RNASET2 gene was
amplified using PCR with Primer STAR HS DNA polymerase
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and the aforementioned cDNA template. The following PCR
primers were used: Forward, 5'-AGATGGATCCATGAA
ATTCAACATAACTATCGC-3' and reverse 5-AGCGAT
AAGCTTATGTACATGTTAATTCTTTTTCA-3'; and the
following thermocycling conditions: Initial denaturation
at 94°C for 30 sec, and 30 cycles of 55°C for 30 sec, and 72°C
for 50 sec. The PCR product, confirmed by Sanger DNA
sequencing (GenScript Biotech Corporation), was subcloned
into a pET-His vector with BamH]1 and HindIII restriction
enzymes. The recombinant expression vector pET-His-Af
RNASET?2 was confirmed by double enzyme digestion with
BamHI/HindlIll. Following double enzyme digestion with
BamHI1/HindI11 for 2 h at 37°C, the products were analyzed
using a 1% agarose gel.

The recombinant plasmid pET-His-Af RNASET?2 was then
transformed into E. coli BL21 (DE3) plysS cells. The trans-
formed E. coli were grown overnight in Luria-Bertani medium
containing 100 mg/l ampicillin at 37°C, and induction was
performed using isopropyl-p-D-thiogalactopyranoside (IPTG)
to a final concentration of 0.5 mM. Following cultivation
and an additional 3 h at 37°C, E. coli cells were harvested by
centrifugation at 9,600 x g for 5 min at 4°C. Following mixing
with protein extraction buffer (20 mM Tris HCI, 150 mM
NaCl and 1 mg/ml lysozyme), harvested cells were sonicated
(50 kHz; 3 sec bursts, 5 sec inter-burst interval for a total of
20 min) in an ice bath, and then centrifuged at 9,600 x g for
20 min at 4°C. Subsequently, 10% SDS-PAGE was performed
to analyze the status of recombinant protein expression. The
recombinant protein in the soluble fraction was purified
with a Ni-NTA column (cat. no. 17040303) and gel filter (Hi
Load Superdex 16/600; cat. no. 28-9893-33) (both from GE
Healthcare). Specifically, rAf RNASET2 was expressed in
the inclusion bodies, which were dissolved in 6 M urea with
25 mM [-mercaptoethanol. Denatured proteins were refolded
and diluted 10-fold with 0.5 M L-arginine (pH 8.0) (19).
Arginine buffer was added to the denatured protein solution
slowly (flow rate of 0.5 ml/min) and incubated overnight
at 4°C. For renaturation, rAf RNASET?2 was dialyzed with PBS
at 4°C for 24 h via a dialysis membrane (Sangon Biotech Co.,
Ltd.) (19). Following renaturation, protein concentrations were
determined using the Bradford method (Sangon Biotech Co.,
Ltd). The rAf RNASET?2 protein endotoxin was removed using
an endotoxin removal kit following the manufacturer's instruc-
tions and quantitation was performed using an endotoxin assay
kit, which revealed that the levels were reduced to <0.25 endo-
toxin units/ml (both Genscript Biotech Corporation).

Enzymatic activity analysis. Yeast RNA (Thermo Fisher
Scientific, Inc.) was dissolved in reaction buffer (50 mmol/l
Tris HCI, 50 mmol/lI NaCl, pH 7.0) to prepare a stock solution
(I mg/ml). The rAfRNASET?2 (1 pg) aliquots were mixed thor-
oughly with 50 ug yeast RNA at 37°C for 20, 40, 60, 80, and
100 min. In addition, a 30-min pretreatment with an RNase
inhibitor (RNasin; Thermo Fisher Scientific, Inc.) served as a
positive control for confirmation of digestion by RNASET?2.
Ribonuclease activity was observed using the analysis of
enzymolysis products in 1% agarose electrophoresis gels,
which was stained with Gelview dye (BioTeke Corporation).
Bands were visualized on a UV transilluminator (Analytik
Jena US LLC).
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In vitro analysis of macrophage stimulation. RAW264.7
macrophages (1x10°) were incubated with the indicated
concentrations (20 or 40 ug/ml) of rAf RNASET?2 (pretreated
with RNasin) in PBS at 37°C under 5% CO,. After 24 h of
co-culture, the cells and supernatant were collected and centri-
fuged at 300-400 x g for 5 min at 4°C. The cells were collected
and incubated with the labeled antibodies (FITC-CD16/32 (cat.
no. 11-0161-81; 1:500; BioLegend, Inc.) or FITC-CD206 (cat.
no. MA5-16870; 1:500; Invitrogen; Thermo Fisher Scientific,
Inc.) for M2 or M1 macrophage detection, respectively, and
APC-F4/80 (cat. no. 17-4801-80; 1:500; BioLegend, Inc.) in
PBS containing 1% bovine serum albumin (Amresco LLC)
for flow cytometry. All incubations were performed at room
temperature for 30 min in the dark and subsequently, the cells
were washed with PBS. Macrophage surface markers were
detected using a Cytoflex flow cytometer and analyzed using
the CytExpert software (version 2.0) (both Beckman Coulter,
Inc.). IL-10 levels were measured in the culture supernatant of
RAW264.7 cells stimulated by incubation with rAf RNASET?2
(20 pg/ml) alone or in the presence of MAPK signal inhibitors
(U0126, 20 uM; SP600125, 20 uM and SB203580, 1 uM) for
24 h. The cells were centrifuged at 300-400 x g for 5 min at 4°C
and subsequently analyzed using ELISA kits according to the
manufacturer's instructions (cat. no. HZ-IL-10-Mu; Shanghai
and Shanghai Zhen Biotech Co., Ltd.).

RNA isolation and reverse transcription quantitative PCR
(RT-qPCR). RAW264.7 macrophages were co-cultured with
rAf RNASET?2 (20 pg/ml), inactive rAf RNASET?2 (pretreated
with RNasin (2 U/ul)), and PBS and LPS controls at 37°C with
5% CO, for 24 h, and with rAf RNASET?2 (20 pug/ml) alone or
in the presence of MAPK signal inhibitors (U0126, 20 uM;
SP600125,20 #M and SB203580, 1 uM) for 24 h, under normal
cell culture conditions. RNA was extracted after the cells were
centrifuged at 300-400 x g for 5 min at 4°C, using TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Total RNA was subsequently reverse
transcribed into cDNA using a TIANScript II RT kit (Tiangen
Biotech, Co., Ltd.) according to the manufacturer's protocol:
42°C for 50 min, followed by 95°C for 5 min then cooled on the
ice at 4°C for 10 min. RT-gPCR analysis was performed with
SYBRGreen (Applied Biosystems; Thermo Fisher Scientific,
Inc.) with the primers listed in Table I.

For the qPCR, 5 ul 2X SYBRGreen PCR buffer, 0.2 ul
forward and reverse primers (both 10 gmol), and 5 ng template
were used to a total volume of 10 pl with sterile water. The
thermocycling conditions used were as follows: Initial dena-
turation 95°C for 10 min, followed by 40 cycles of 95°C for
15 sec and 60°C for 1 min. The real-time PCR was performed
on aqTOWER 2.2 system (Analytik Jena US LLC). All gPCRs
were performed in triplicate with /8S rRNA gene as a refer-
ence housekeeping gene. Relative expression was calculated
using the 2244 method (20).

Western blot analysis. RAW264.7 macrophages were
co-cultured with rAf RNASET2 (20 pg/ml), inactive
rAf RNASET?2 (pretreated with RNasin (2 U/ul), and PBS and
LPS controls at 37°C in a humidified incubator with 5% CO,
for 24 h. The cells were centrifuged at 300-400 x g for 5 min
at 4°C, and subsequently lysed in RIPA buffer (Beyotime
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Table I. Sequences of the primers used in for reverse transcription-quantitative PCR.

Gene Primer sequences (5'—3") Accession number

18S rRNA Forward: CGAGGGGTTCGGGATTTGTG M35283.1
Reverse: AAAGCCAACCCGAGCGTC

Arg-1 Forward: TGCGCCACATGAAAACCATC NM_007482.3
Reverse: TTGGGAGGAGAAGGCGTTTG

iNos Forward: GGTGAAGGGACTGAGCTGTTA NM_007482.3
Reverse: TGAAGAGAAACTTCCAGGGGC

IL-10 Forward: AAGGGTTACTTGGGTTGCCA NM_010548.2
Reverse: CCTGGGGCATCACTTCTACC

IL-13 Forward: CCTGGCTCTTGCTTGCCTT NM_008355.3
Reverse: GGTCTTGTGTGATGTTGCTCA

TGF-B Forward: GATCACCACAACCCACACCT NM_009368.3

Reverse: AGGTTCGTGGACCCATTTCC

Insitute of Biotechnology) with a protease-inhibitor cocktail
(MedChemExpress LLC). The protein concentration was
determined using the Bradford assay (Sangon Biotech Co.,
Ltd.) and the protein samples were subsequently diluted
to 1 mg/ml, then separated (20 ug/lane) using 10 or 12%
SDS-PAGE, following which the proteins were transferred
onto PVDF membranes. The membranes were blocked over-
night at 4°C with 5% skimmed milk in TBS +0.05% Tween-20.
The following primary antibodies were used: Phosphorylated
(p)-ERK1/2 (cat. no. 4370; Cell Signaling Technology Inc.),
ERK1/2 (cat. no. 46951; Cell Signaling Technology Inc.),
p-p38 (cat. no. 4511; Cell Signaling Technology Inc.), p-38
(cat. no. 8690; Cell Signaling Technology Inc.) p-JNK (cat.
no. 4668; Cell Signaling Technology Inc.), JNK (cat. no. 9252;
Cell Signaling Technology Inc.), IL-10 (cat. no. ab33471;
Abcam),induced nitric oxide synthase (iNOS; cat.no. ab213987;
Abcam), ARGI (cat. no. ab124917; Abcam), and cyclooxy-
genase 2 (COX2; ab179800; Abcam) (all 1:1,000) were used.
The primary antibody for the loading control, GAPDH (cat.
no. sc-365062; Cell Signaling Technology, Inc.) was used at a
dilution of 1:2,000. After washing with PBS, the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies (cat. nos. sc-2004 and sc-2005) (both
1:2,000 and Santa Cruz Biotechnology, Inc.) for 1 h at room
temperature. Proteins were visualized using an enhanced
chemiluminescence kit (Dalian Meilun Biology Technology
Co., Ltd.) according to the manufacturer's protocol.

Effect of rAf RNASET2 on immune responses in mice. Purified
rAf RNASET2 was mixed with Imject Aluminum adjuvant
(Thermo Fisher Scientific, Inc.) to form a water-in-oil adju-
vant antigen. Mice were randomly divided into immunized,
adjuvant control, and PBS control groups (n=6 per group),
and injected intraperitoneally with 100 ug rAf RNASET2
and 2 mg of aluminum adjuvant (Af RNASET?2 + adjuvant),
2 mg of aluminum adjuvant alone (adjuvant), or with PBS only
(control) once a week for 3 weeks. A total of 7 days following
the third immunization injection, about 50 ul orbital venous
blood samples were collected and the sera were isolated
following centrifugation at 3,000 x g for 20 min at 4°C.

The levels of IL-4, IL-13, IL-10, and interferon-y (INF-vy) in
mouse sera were detected using cytokine ELISA kits (IL-4,
cat. no. HZ-IL-4-Mu; IL-10, cat. no. HZ-IL-10-Mu; 1L-13,
cat. no. HZ-IL-13-Mu and INF-vy, cat. no. HZ-INF-y-Mu) (all
Shanghai and Shanghai Zhen Biotech Co., Ltd.) according to
the manufacturer's instructions.

Statistical analysis. Quantitative data are presented as
mean = SDs. Analyses were performed using Prism 7 soft-
ware (GraphPad Software, Inc.). Student's t-tests or one-way
ANOVA followed by Dunnett's post hoc test were performed,
to detect statistical significance between groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

Characteristics of Af RNASET2. The amino acid sequence
of Af RNASET2 (GenBank XP_754496.2) was obtained
based on the Af AF293 genome (Genome ID 18) in the
NCBI database. The Af RNASET?2 gene encodes 401 amino
acids with a 15-amino-acid N-terminal secretory signal;
the mature RNASET?2 protein is 382 amino acids long. As
shown in Fig. 1, a homology comparison based on amino acid
sequence alignment revealed that Af RNASET2 was 11.84,
13.20, and 12.17% homologous with Sj CP1412, Sm w-1,
and Cs RNASET?2, respectively. Notably, Af RNASET?2 was
predicted to contain two conserved amino acid sequence
(CAS) domains (*WTIHGLWP¥ and “"'WEHEWNKHG'"®),
namely CAS-1 and CAS-2, and a conserved pair of cysteine
residues (cysteine'® and cysteine'*®) characteristic of
T2 RNase-glycosylation sites were also found.

Expression and RNase activity of rAf RNASET?2. To obtain the
rAf RNASET? protein, cDNA encoding mature Af RNASET2
(glutamicacid 26-arginine 407 region), without its signaling
peptide (methionine I-phenylalanine 25 domain) was
synthesized, submitted to the NCBI (GenBank MN593022),
and subcloned to a pET-His prokaryotic expression vector
for expression and purification. cDNA from Af RNASET2
were generated using PCR amplification and subcloned into
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Figure 1. Amino acid sequence homology of Af RNASET?2, Sj CP1412, Sm w-1, and Cs RNASET2. Common amino acids are indicated by the grey shading.
Black solid lines indicate conserved functional domains, CAS-1 and CAS-2. Solid black triangles indicate conserved cysteine residues. Af, Aspergillus fumig-
atus; Sj, Schistosoma japonicum; Sm, Schistosoma mansoni; Cs, Clonorchis sinensis; CAS, conserved amino acid sequences; RNASET2, T2 ribonuclease.

pET-His vectors using BamHI/HindIll restriction enzymes.
The band at 1,200 bp was consistent with the length of the
Af RNASET2 gene (Fig. 2A). The pET-His-Af RNASET?2
plasmid was confirmed using DNA sequencing. Subsequently,
the pET-His-Af RNASET2 plasmid was transformed into
E. coli BL21(DE3) plysS cells for expression and purifica-
tion. SDS-PAGE revealed that rAf RNASET?2 (~45 kDa) was
expressed in the sediment following IPTG induction (Fig. 2B;
Lane 3). A portion of the rAf RNASET?2 protein sample
was purified using Ni-NTA-resin and renatured into soluble
proteins by gradient dialysis with urea (Fig. 2C). Purified
soluble rAf RNASET? lysed yeast RNA in a time-dependent
manner and RNA digestion activity of rAf RNASET2 was
effective with ribonuclease A (Fig. 2D) and could be inhibited
with the ribonuclease inhibitor RNasin (Fig. 2E).

rAf RNASET?2 promotes the Th2 response in vivo. The levels
of the Th2 response-related cytokines IL-4 (P>0.01; Fig. 3A),
IL-10 (P<0.01; Fig. 3B), and IL-13 (P<0.01; Fig. 3C) were signif-
icantly increased in rAf RNASET2-immunized mouse sera,
collected 7 days following the third immunization compared
with that in PBS control groups. In addition, there was no
change in the expression of the Thl response-related cytokine,
INF-vy, between Af RNASET2+ adjuvant and the control group
(P>0.05; Fig. 3D). This indicates that rAf RNASET2 enhanced
Th2 responses in vivo.

rAf RNASET?2 promotes M2 macrophage polarization. The flow
cytometry results revealed that in vitro stimulation of RAW264.7
macrophages with purified rAf RNASET?2 significantly
increased the expression level of the M2 surface marker CD206
(Fig. 4B), Notably, CD206 expression was increased from 3.00

to 21.73% following treatment with 40 pg/ml rAf RNASET?2
(P<0.01). However, there was no significant change in the level
of the M1 surface marker CD16/32 (P<0.01; Fig. 4A).

The RT-qPCR results revealed that RAW?264.7 cells treated
with rAf RNASET2 for 24 h had significantly increased
expression levels of M2-related genes, including Arg/ (P<0.01;
Fig. 5A), 1I-10 (P<0.01; Fig. 5C), and //-13 (P<0.01; Fig. 5D),
without a significant change in the expression level of the
M2 marker iNOS (P>0.05; Fig. 5B). Western blot analysis
revealed marked increases in ARGI and IL-10 protein levels,
with no changes in iNOS and MIl-related gene COX2 levels,
in RAW264.7 cells treated with rAf RNASET?2 (Fig. 5E).
LPS upregulated the protein expression level of COX2 in
RAW264.7 cells. An ELISA also revealed that the levels of
IL-10 in the culture supernatant of RAW264.7 cells stimulated
by rAf RNASET2 were also increased (Fig. 6B). These results
indicate that rAf RNASET2 promoted M2 macrophage polar-
ization in RAW264.7 cells.

Conversely, in a parallel experiment conducted with
RNasin-inactivated rAf RNASET?2, the aforementioned
M2-like changes were not observed, as evidenced by no
significant changes in the mRNA levels of ARG, IL-10 and
IL-13 (P>0.01 vs. control group; Fig. 5). These results indi-
cated that high rAf RNASET?2 enzyme activity was required
for the M2 polarization/Th2 response of macrophages to
rAf RNASET?2.

rAf RNASET?2 upregulated MAPK signaling in macro-
phages. Western blot analysis revealed that active, but not
inactive, rAf RNASET?2 upregulated the expression levels of
p-ERK1/2, p-p38, and p-JNK in RAW?264.7 cells (Fig. 6A).
In addition, as IL-10 is important for Th2 responses (21), the
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Figure 2. Expression, purification, and RNase activity of rAfRNASET?2. (A) Analysis of the prokaryotic recombinant expression vector pET-His-Af RNASET2
(without signal peptides, Glutamic acid 26-Arginine 407) by double enzyme digestion. Lane M indicates the DNA marker. The 1,200 bp band indicates
the Af RNASET2 cDNA insert. (B) SDS-PAGE analysis of pET-His-Af RNASET2 expression. Lane M, protein marker; lane 1, E. coli transformed with
pET-His-Af RNASET? prior to IPTG induction; lane 2, E. coli transformed with pET-His-Af RNASET?2 following IPTG induction; lane 3, sediment from
E. coli transformed with pET-His-Af RNASET?2 plasmid following IPTG induction, and ultrasonication. (C) SDS-PAGE of renatured rAf RNASET?2 protein
following purification using Ni-NTA affinity chromatography. Lane M indicates the protein marker. (D) Analysis of RNase activity of rAf RNASET?2 (1 ug)
with yeast RNA (50 pg) at 37°C at 20, 40, 60, 80 and 100 min). (E) Analysis of RNase activity of rAf RNASET2 with or without RNasin (RNAse inhibitor)
pretreatment. RNase enzymolysis products were analyzed using 1% agarose gel electrophoresis. E. coli, Escherichia coli; r, recombinant; Af, Aspergillus
Sfumigatus; RNASET?2, T2 ribonuclease; IPTG, isopropyl-f-d-thiogalactopyranoside.

transcription and protein level of IL-10 was subsequently
detected to reflect the effect of MAPK inhibitors on the
rAf RNASET2-induced M2 macrophage polarization.
RT-qPCR revealed that MAPK inhibitors (U0126, SP600125
and SB203580 for ERK, JNK and p38, respectively) signifi-
cantly reduced the rAf RNASET2-induced increases in
the protein expression levels of IL-10 in RAW264.7 cells
(P<0.01; Fig. 6B). In addition, ELISA revealed that
rAf RNASET2-induced IL-10 secretion in the cell superna-
tant was similarly decreased by MAPK inhibitors (P<0.01;
Fig. 6C).

Discussion

In the present study, an E. coli expression system was used to
produce rAf RNASET2 with robust ribonuclease activity. The
amino acid sequence homology analysis revealed conservation
of the T2 ribonuclease functional domains, CAS-1 and CAS-2.
Glycosylation of rAf RNASET?2 may have been unaffected by
ribonuclease activity due to the lack of modificationin a prokary-
otic host. Similarly, recombinant Sj CP1412 protein (from pET
bacterial transformation) mediated enzymolysis of yeast RNA,
affirming its ribonuclease activity (18). Glycosylation mutants



724 INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 718-728, 2020

A ok B ok
8001/ 30009
£ £ |
B 20007 S 20004
a =2
= =
. : !
§ €
g 10004 5 10004
& &
0- 0
Control rAfRNASET2+ Adjuvant Control  rAfRNASET2+ Adjuvant
Adjuvant Adjuvant
C 200 + I D 4000 -
£ 150 | £ 3000-
5, 150 5 3000 —r—
a a
e N
2y 100+ z 2000 4
E E
2 2
B 504 & 1000+
0- 04

Control  rAf RNASET2+ Adjuvant Control  rAfRNASET2+ Adjuvant
Adjuvant Adjuvant

Figure 3. In vivo induction of immune responses by rAfRNASET?2. Serum obtained from orbital vein blood (collected 7 days after the third immunization day) from
BABL/c mice injected with rAf RNASET?2 with aluminum adjuvant, aluminum adjuvant alone, or PBS only (n=6 per group) were analyzed using ELISA. Levels of
(A) IL-4, (B) IL-10, (C) IL-13 and (D) INF-y were increased in the rAf RNASET2 with aluminum adjuvant immunization group compared with that in the control
groups. Data are presented as the mean + SD from independent experiments. “P<0.01. r, recombinant; Af, Aspergillus fumigatus; RNASET2, T2 ribonuclease.

A rAfRNASET2 rAf RNASET2
- Control - (20 pg/ml) - (40 ng/ml)
SiaiuL Qi-UR 2aruL Q1-UR Sai-uL oA & 87
o 1(96.19%) (0.28%) o 1(93.00%) (0.34%) 1(96.47%) ©0.15%)| o5
=y =p k= og
- 3 ‘-§ O
2 S o] i S 9 4
< 21 0.28 < 23 : 0.34 < 24 % 0.15 =9
£y 2o g 3%
8 ER=F N 2; o g, 9_! e % 8_ »
= k| 3 + 5 b
¥ Bl 5] Sl ol
L Slgiw QI-LR = o Q1-LR Ak [ N1 aRl 2=
o 1(3:53%) (0.00%) o 1(664%) (0.03%) o J3:39%) ©00%)] T | s e
Y0 10° 10' 10° 10° Ti0® 10° 10* 10° 10° 107 10° 10* 10° 10° Control 20 pg/ml 40 pg/ml
CD16/CD32 rAf RNASET2
B rAfRNASET2 rAf RNASET2
- Control - (20 pg/ml) . (40 nug/mi) ok
S a1l Q1-UR 27aruL QiuR 27aiul Q1-UR 251 f |
« 1(95.47%) (3.00%) o 3(95.97%) (3.66%) o (78.26%) (21.73%) . 9
23 3.00 =3 3.66 s 2173 | < 20
< 21 < & < 2 88 15
3 - E [&] ™
E-g:,-. E‘b""“ %‘*c. ('Q.g
g‘(._§ 'ﬂlr? — 6910-
¥ ] o B =y @ %
L =l QI-LR ~larL Qi-LR —iaiLL ailR| E= 57 —
o 101.53%) (0.00%) o 1(028%) (0.09%) & ]000% | (001%) [T]
P00 T T T 0t 10T T 10 o7 0 100 10 100 100 Tor 10f 1 O
Control 20 ug/ml 40 pg/mi
CD206 _—

rAf RNASET2
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of Sm w-1, in which N-linked glycosylation sites (N71/176Q)  of RNASET?2 protein activity and that prokaryotic expression
were altered, did not have altered ribonuclease activity (16). methods are suitable for obtaining recombinant ribonucleases.
These results suggest that glycosylation may be independent  Hence, although previously published data suggested that
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Figure 5. rAf RNASET?2 increases expression of M2 polarization markers. Reverse transcription-quantitative PCR and western blot analysis were conducted
with RAW264.7 macrophages co-cultured with rAf RNASET2 (20 ug/ml), inactive rAf RNASET?2 (pretreated with RNasin), and PBS and LPS controls
at 37°C with 5% CO, for 24 h. mRNA expression levels of (A) Arg-1, (B) iNos, (C) IL-10, and (D) IL-13. Data are presented as mean + SD from 3 independent
experiments. “P<0.01. (E) Western blot analysis of ARG-1, COX2,iNOS, IL-10, and GAPDH in RAW264.7 macrophages following rAfRNASET2 (20 pug/ml)
treatment for 24 h. r, recombinant; Af, Aspergillus fumigatus; RNASET2, T2 ribonuclease; LPS, lipopolysaccharide; iNOS, induced nitric oxide synthase;

IL, interleukin; Arg-1, arginase-1.

glycosylation of Sm w-1 may be necessary for conditioning
dendritic cells for Th2 polarization (17), the findings in the
present study indicate that glycosylation of Af RNASET2 was
not associated with the observed immunoregulatory effect on
M2 macrophage polarization.

Af antigen exposure induces ABPA in the majority of
patients with atopic asthma or CF (22-24), as evidenced by a
Th2 response and elevated IgE levels (25). Af proteases [i.e.
Alpl (26), Asp 2 (27), Asp £ 5 (28), and Asp f 13 (28)] have

been shown to cause airway inflammation and remodeling in a
murine inhalation model. The present study demonstrated that
rAf RNASET2 immunization upregulated the expression of
the Th2 cytokines, IL-4, IL-10, and IL-13, in sera, indicating
a novel method of demonstrating whether there are specific
Af molecules required to promote Th2 responses in vivo. The
T2 ribonuclease proteins Sj CP1412 (18), Sm w-1 (16), and
Cs RNASET?2 (29) can elicit Th2 immune responses in vivo.
Moreover, the rAf RNASET?2 produced in the present study
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Figure 6. rAf RNASET?2 upregulates proteins in the MAPK signaling pathway in macrophages. (A) Western blot analysis of INK, p-INK, p38, p-p38, ERK1/2,
and p-ERK1/2 in RAW264.7 macrophages following treatment with rAf RNASET2 (20 pg/ml) or (24-h) RNasin-inactivated rAf RNASET?2. Levels of IL-10
in RAW264.7 macrophages treated with rAf RNASET?2 (20 pg/ml) alone or in the presence of MAPK signal inhibitors (U0126, SP600125 and SB203580 for
ERK, JNK and p38, respectively) were determined using (B) reverse transcription-quantitative PCR and (C) ELISA. Data are represented as mean + SD from
3 independent experiments. ““P<0.01. r, recombinant; Af, Aspergillus fumigatus; RNASET2, T2 ribonuclease; p, phosphorylated; LPS, lipopolysaccharide.

elicited Th2 immune responses, supporting the hypothesis that
AfRNASET?2 is a Th2 response regulator in ABPA.

M2 macrophages can promote Th2 responses that could
lead to ABPA by secreting IL-4, IL-10, or IL-13 cytokines
or the chemokine CCL17 (30). Ke et al (18) revealed that
Sj CP1412 induced M2 polarization of macrophages as
evidenced by increased expression levels of CD206, ARG1, and
IL-10. Notably, in the present study, stimulating macrophages
with rAf RNASET?2 also increased the protein expression
levels of CD206, ARG, and IL-10, with no changed in the
M1 macrophage-related surface marker CD16/32, suggesting
that rAf RNASET2 could promote M2 polarization in
RAW264.7 macrophages. In addition, RNasin-inactivated
rAf RNASET?2 did not produce this M2 response, which is
consistent with previous results with inactivated Sm w-1 (16).
These results suggest that a high level of rAf RNASET?2
enzyme activity is required for M2 polarization and an associ-
ated Th2 response. Thus, suppression of AfRNASET?2 activity
may downregulate the immunoregulatory effect on M2 polar-
ization of macrophages and prevent Th2 responses in vivo.

The effects of rAf RNASET2 on MAPK signaling were
investigated as the MAPK signaling pathway has been shown
to be involved in M2 polarization (31). The results from
the present study reveal that rAf RNASET2 upregulated
p-ERK1/2, p-p38, and p-JNK protein expression levels in
RAW264.7 macrophages and that MAPK inhibition attenu-
ated rAf RNASET2-induced IL-10 secretion detected in the

supernatant of RAW264.7 cell cultures. These data indicate
that MAPK signaling pathway is involved in the production of
M2 macrophages following rAf RNASET?2 induction.

The results from the present study support the hypothesis
that Af RNASET?2 may induce M2-type macrophage polariza-
tion, thereby leading to a Th2 response in ABPA development,
and these effects were found to be dependent on ribonuclease
activity. As ribonuclease proteins are relatively stable and
resistant to degradation in the normal cell environment, the
mechanism of the Af RNASET2-induced Th2 response
effect provides important details regarding the predominant
prevalence of Af promotion of ABPA development. Moreover,
the current study supports the use of environmental inter-
vention of ribonuclease inhibitors to suppress the effects of
Af RNASET?2-induced immune responses, as a prophylaxis
against ABPA development. However, the efficacy of this
method requires further investigation.

In conclusion, the results from the present study provide
important evidence regarding the molecular pathogenesis
of ABPA induced by Af exposure, which has not yet been
elucidated, and supports the hypothesis that Af RNASET? is
an important immune regulatory factor in ABPA, primarily
through augmentation of M2 macrophages polarization
and thus induction of a Th2 immune response. These find-
ings provide novel evidence pertinent to understanding the
immune regulatory role of RNase T2 family proteins during
Af exposure.
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