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A B S T R A C T   

Interleukin-33 (IL-33), which promotes M2 macrophage development, may influence the control of viruses, such 
as Theiler’s Murine Encephalomyelitis Virus (TMEV) that infect macrophages. Because Interferon Regulatory 
Factor-3 (IRF3) is also critical to control of TMEV infection in macrophages, information on the relationship 
between IL-33 and IRF3 is important. Thus, RAW264.7 Lucia murine macrophage lineage cells with an endog-
enous IRF3-ISRE promoter driving secreted luciferase and IRF3KO RAW Lucia, a subline deficient in IRF3, were 
challenged with TMEV. After the challenge, considerable TMEV RNA detected at 18 and 24 h in RAW cells was 
significantly elevated in IRF3KO RAW cells. TMEV induction of ISRE-IRF3 promoter activity, IFN-β and IL-33 
gene expression, and IL-6 and IL-10 protein production, which was strong in RAW cells, was less in IRF3KO 
RAW cells. In contrast, expression of CD206 and ARG1, classical M2 macrophage markers, was significantly 
elevated in IRF3KO RAW cells. Moreover, RAW and IRF3KO RAW cells produced extracellular IL-33 prior to and 
after infection with TMEV and antibody blockade of the IL-33 receptor, ST2, reduced CD206 and ARG1 
expression, but increased IL-6 gene expression. Pre-treating both RAW and IRF3KO RAW cells with IL-33 prior to 
challenge significantly increased TMEV infection, but also increased IL-33, IL-10, IL-6 mRNA expression, and NO 
production without increasing IFN-β. Notably, IL-33 induction of IL-33, IRF3-ISRE promoter activity, and IL-10 
by TMEV or poly I:C/IFN-γ was significantly dependent upon IRF3. The results show that the expression of IL-33 
and the repression of M2 macrophage phenotypic markers are dependent on IRF3 and that IL-33 decreases the 
ability of macrophages to control infection with macrophage-tropic viruses.   

1. Introduction 

IL-33 is a member of the IL-1 cytokine family, classified as an alar-
min, that alerts the immune microenvironment of cell and tissue damage 
(Zhao and Hu, 2010). At first, it, distinctively, nuclear-localizes to 
chromatin but is released in the extracellular space by necrotic cells 
(Cayrol and Girard, 2022). Cytokine IL-33 is associated with the 
enhancement of Th2 CD4 T cell responses (Nechama et al., 2018) and as 
such is involved in Type I hypersensitivity immune responses (Schmitz 
et al., 2005). It also induces ROS (Caslin et al., 2018) and chemokine 
CCL22 from macrophages (Tjota et al., 2017), decreases TNF-alpha and 
CXCL10 chemokine from macrophages (Lin et al., 2022), and increases 

IL-13 release from mast cells (Schmitz et al., 2005). In the central ner-
vous system (CNS), IL-33 and its receptor system are highly expressed, 
especially in glial cells (Hudson et al., 2008), and likely protect against 
traumatic or virus-induced brain injury by dampening inflammatory 
cytokine production from macrophages (Xie et al., 2022). However, 
neurotropic viruses, such as TMEV induce further IL-33 gene expression 
in the CNS (Hudson et al., 2008). Virus induction of IL-33 is likely 
through Pattern Recognition Receptor (PRR) pathways, such as the 
TLR3 pathway (Talabot-Ayer et al., 2012). However, TLR3 is a critical 
pathway for innate antiviral immune responses, mostly through imme-
diate activation of Interferon Regulatory Factor 3 (IRF3) (Sarkar et al., 
2004). Additionally, IL-33 expression appears to be dependent upon 
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Fig. 1. IRF3 deficiency impairs innate antiviral immune response to TMEV. 1 × 106 RAW Lucia or IRF3KO-RAW Lucia cells were incubated overnight in 6-well plates 
and then challenged with 5 × 106 TMEV. After 18 and 24 h, TMEV RNA (A), IL-33 (B) and IFN-beta (C) mRNA by qRT-PCR, secreted IL-6 (E), IL-10 (F) and IL-33 (G, 
H) by ELISA. For the reported experiment n=3 for each condition, which was repeated n=3. Data are means ± standard error and were analyzed by Student’s t-test; * 
indicates significantly different than control, p≤ 0.05. 
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activation of IRF3, such that macrophages deficient in IRF3 fail to ex-
press IL-33 in response to poly I:C (Polumuri et al., 2012). Therefore, 
IL-33 dampens inflammation, which may be at the expense of viral 
clearance. 

Recent evidence reveals that IL-33 has a significant role in macro-
phage plasticity, whereby pro-inflammatory M1 macrophage pop-
ulations that are involved in microbial/viral destruction and clearance 
transition to pro-resolving M2 macrophage populations involved in 
healing after microbial infection (Wang et al., 2017). In this case, IL-33 
supports the M2 phenotype. Moreover, it is likely that IL-33 actively 
reduces innate anti-viral immune responses by increasing the activity of 
Pin1 phospho-specific prolyl isomerase activity (Nechama et al., 2018), 
which regulates IRF3 activity (Saitoh et al., 2006), a transcription factor 
for many Interferon Stimulated Genes (ISGs) of anti-viral immune re-
sponses. This is an important consideration because certain viruses, such 
as TMEV, infect and persist in macrophages, which can migrate to other 
tissues (Clatch et al., 1990). The mechanism by which TMEV persists in 
macrophages is unresolved but one hypothesis is that TMEV persists in 
M2 macrophages, perhaps brought about by exposure of responding 
macrophages to IL-33. Therefore, the impact of IL-33 on the innate 
anti-viral immunity of macrophages needs clarification. 

We set out here to test the hypothesis that IL-33 significantly reduces 
the innate anti-viral resistance of macrophages to myelotropic viruses, 
such as TMEV, by promoting certain M2 phenotypic markers. Our results 

show that IL-33 has a profound effect on M1/M2 macrophage factors 
and anti-viral immune responses that are IRF3 dependent. These effects 
of IL-33 on the anti-viral immunity result in elevated levels of TMEV 
infection suggesting a pathway that could play a role in TMEV persis-
tence in macrophages. 

2. Materials and methods 

2.1. Cell lines, virus, and reagents 

RAW264.7-Lucia-ISG and RAW264.7-Lucia-IRF3KO-ISG (Invivogen, 
San Diego, CA) were maintained in complete media consisting of DMEM 
with 10% FBS and 50 ug/ml gentamycin, as we have previously reported 
(Guinn and Petro, 2019). TMEV DA strain was originally obtained from 
Dr. Kristin Drescher (Creighton University) (Petro, 2005). TMEV for 
infections was obtained by passage onto BHK21 cells, harvesting su-
pernatants after 72 h, and conducting plaque assays using BHK21 cells to 
quantify the virus. Poly I:C was obtained from Invivogen, recombinant 
mouse IFN-γ and mouse IL-33 were obtained from BioLegend (San 
Diego, CA). Purified anti-mouse IL-33Rα (ST2) blocking antibody was 
obtained from BioLegend. 

Fig. 2. IRF3 deficiency increases M2 phenotypic markers. 1 × 106 RAW Lucia or IRF3KO-RAW Lucia cells were incubated overnight in 6-well plates and then 
challenged with 5 × 106 TMEV. After 18 and 24 h, mRNA expression of iNOS and IL-6 M1 markers or CD206, and ARG1 M2 markers were assessed by qRT-PCR. For 
the reported experiment n=3 for each condition, which was repeated n=3. Data are means ± standard error and were analyzed by Student’s t-test; * indicates 
significantly different than control, p≤ 0.05. 
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2.2. Quantitative RT-PCR 

To assess mRNA expression, 2 × 106 or 10 × 106 RAW cells were 
incubated overnight in complete cell culture media in either 24-well or 
6-well plates, respectively. Cells were challenged with 1 × 107 or 5 ×
107 TMEV, respectively, and/or stimulated with 20 ng/ml IFN-γ, 10 μg/ 
ml poly I:C, or 20 ng/ml IL-33. After 18 or 24 h, RNA was isolated using 
PureLink RNA mini-kit (ThermoFisher, Waltham, MA) and quantified 
spectrophotometrically at 260/280 nm. Equal concentrations of RNA 
(500 ng) were used to synthesize cDNA with EasyScript Reverse Tran-
scriptase (Midwest Scientific, Valley Park, MO). For qPCR, 2 ul of cDNA 
were incubated with EvaGreen qPCR MasterMix (Midwest Scientific) 
and with the following primer pairs: murine GAPDH sense 5′ TTG 
TCAGCAATGCATCCTGCAC 3′ and antisense 5′ ACAGCTTTCCA-
GAGGGGCCATC 3′; murine IFN-β sense 5’-ATGAACAACAG 
GTGGATCCTCC-3’, antisense 5’- AGGAGCTCCTGACATTTCCGAA-3’; 
murine IL-6 sense 5’- ATGAAGTTCCTCTCTGCAAGAGACT-3’, antisense 
5’- CACTAGGTTTGCCGAGTAGATCTC-3’; murine IL-33 sense 5’ 
TCCAACTCCAAGATTTCCCCG 3’, antisense 5’- CATGCAGTAGA-
CATGGCAGAA 3’; TMEV sense 5′ CTTCCCATTCTACTGCAATG 3′, 
antisense 5′ AGGGCAGCACGAATTATGAC 3′; murine IL-10 sense, 5’- 
ATGCAGGACTTT AAGGGTTACTTGGGTG-3’, antisense 5’-ATTTCGGA-
GAGAGGTACAAACGAGGTTT-3’; murine CD206 sense 5’ ATGTT-
GAAGGGAAGTGGCTTTG 3’, antisense 5’ CCTTTGTACG 
AAGAACAGTGGA 3’; murine ARG1 sense 5’ CTTCGGAACCTACTGG-
GACAAC 3’, antisense 5’ CAGAAGGCACTGTGGTTCCCAG 3’; murine 
NOS2 sense 5’ ACAAGCCT ACCCCTCTGGAGGA 3’, antisense 5’ 
GTGAGCTGGTAGGTTCCTGTTG 3’. Quantitative PCRs were run on an 
ABI Prism 7000 thermal cycler at 50◦C for 2 min then 95 ◦C for 10 min 
followed by 40 cycles of 95◦C/15s, 60◦C/30s. Data were expressed as 

relative levels of mRNA using 2ΔΔCt. 

2.3. ISRE promoter activity 

To evaluate the activity of stably expressed ISRE-IRF3 promoter-re-
porter, RAW Lucia and IRF3KO RAW Lucia cells were challenged with 
TMEV, or stimulated with 10 μg/ml poly I:C with or without 20 ng/ml 
IFN-γ, (Guinn and Petro, 2019) or stimulated with 20 ng/ml IL-33 for 
18-24 h. Ten μl of supernatant was mixed with 50 μl of QuantiLuc 
(Invivogen) in a 1.5 ml microcentrifuge tube and relative luminescence 
was immediately determined using a Turner Biosystems Luminometer 
TD20/20. 

2.4. Cytokine ELISA 

IL-33, IL-10 and IL-6 ELISA kits with antibody pairs were obtained 
from ThermoFisher and cytokine quantification in supernatants was 
made using the manufacturer’s specifications. Briefly, rat monoclonal 
IgG anti-mouse IL-33, anti-mouse IL-10 or anti-mouse IL-6 capture 
antibody in coating buffer was applied to 96-well ELISA plates, sealed, 
and incubated at 4 ◦C overnight. After decanting the capture antibody 
and washing once with PBS/0.05% Tween 20, blocking buffer (PBS-10% 
FBS) was applied for 1 h at RT. Wells were washed 3X with PBS/Tween, 
after which supernatants or dilutions of cytokine standard were applied 
to respective wells and then incubated for 2 h at RT. Wells were then 
washed 3X and then incubated with the designated biotinylated- 
detection antibody that was rat monoclonal IgG anti-mouse IL-33, 
anti-mouse IL10 or anti-mouse IL-6 for 1 h at RT followed by avidin- 
peroxidase. The plates were washed five times with PBS/Tween 20, 
and incubated with 3’, 5, 5’ tetramethylbenzidine substrate, followed by 

Fig. 3. Blockade of IL-33RA ST2 alters M1/ 
M2 phenotypic markers during TMEV 
infection. 1 × 106 RAW Lucia cells were 
incubated overnight in 6-well plates and 
then challenged with 5 × 106 TMEV with 
and without 10 μg/ml monoclonal antibody 
to IL-33R ST2. After 24 h, mRNA expression 
of TMEV, IL-6 (M1 marker) or CD206 and 
ARG1 (M2 markers) was evaluated by qRT- 
PCR. For the reported experiment n=3 for 
each condition, which was repeated n=3. 
Data are means ± standard error and were 
analyzed by Student’s t-test; * indicates 
significantly different than control, p≤
0.05.   
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the addition of a stopping reagent. ODs at 450 nm wavelength with 
reference ODs at 570 nm made using an ELISA spectrophotometric plate 
reader were used to calculate the concentration of cytokine per ml of 
supernatant using the standard curve readings. 

2.5. Nitric oxide 

Nitric oxide concentrations in supernatants were determined using 
the Griess Assay kit of ThermoFisher. Briefly, 150 μl of the supernatant 
sample was added to 130 μl of deionized water and then 20 μl of Griess 
reagent. After incubation for 30 min at RT, absorbance at 548 nm was 
used to determine molar concentrations of NO in each sample. 

2.6. Transfections 

To express IRF3 in IRF3KO RAW Lucia cells, 2 × 105 of these cells in 
complete culture media were incubated in 24-well plates overnight. 
After 12 h, cells were transfected with 0.5 ug pIRF3 (Genecopia Ex- 
Mm7218-M56 clone) or pEGFP empty vector using Lipofectamine 
3000 (ThermoFisher). Twenty-four h after initiation of transfection, 
cells were stimulated with 10 ug/ml poly I:C with or without 20 ng/ml 
IFN- γ. After 24 h, IL-33, NO, IL-6, and IL-10 were assessed. 

2.7. Statistical analysis 

Cytokine expression measured by PCR and cytokine production 
measured by ELISA were analyzed using Student’s t-test to determine 
the significance of differences; P-values of ≤ 0.05 were considered 
significant. 

3. Results 

3.1. IRF3 deficiency increases TMEV infection and decreases cytokine 
response to TMEV infection in RAW264.7 cells 

Previously, we provided evidence that IRF3 is critical to macrophage 
control of TMEV infection, through its role in the expression of IL-6, IFN- 
β, ISGs, and NO (Moore et al., 2012; Moore et al., 2013). While IL-6 and 
NO are factors produced by M1 macrophages, we did not examine M2 
macrophage cytokines like IL-33 and IL-10, or the signature M2 markers 
CD206 and ARG1. Here we used the RAW-Lucia mouse macrophage cell 
line (RAW), which is a modified version of the original RAW264.7 cells 
with an ISG54/ISRE promoter containing numerous IRF3 binding ele-
ments driving secreted luciferase (Lucia) production. In addition, we 
used the IRF3KO-RAW Lucia cell line (IRF3KO RAW) that has a deleted 
IRF3 gene but contains the ISG54/ISRE promoter-reporter. RAW Lucia 
and IRF3KO RAW Lucia cells were challenged with TMEV and at 18 and 
24h TMEV RNA, IFN-β and IL-33 gene expression, IL-6, IL-10, and IL-33 
protein production, and ISRE promoter activity were assessed. RAW 
Lucia cells challenged with TMEV produced IL-6 and IL-10 protein, 
expressed IFN-β and IL-33 mRNA, and showed ISRE promoter activity 
(Fig. 1). As we have seen previously, IRF3 deficiency resulted in 
significantly elevated TMEV infection in RAW Lucia macrophages and 
significantly decreased IL-6 protein, IFN-β gene expression, and ISRE 
promoter activity (Guinn and Petro, 2019; Moore et al., 2013). How-
ever, we now provide evidence that IRF3 deficiency also significantly 
reduced the expression of IL-33 mRNA and IL-10 protein during TMEV 
infection. Because IL-33 is a unique cytokine retained intracellularly and 
released upon cellular lysis, whereby it brings about its effects, we also 
evaluated extracellular IL-33 protein during TMEV infection using 

Fig. 4. IL-33 treatment increases TMEV infection of RAW cells. 1 × 106 RAW Lucia or IRF3KO RAW Lucia cells were incubated overnight in 6-well plates, pretreated 
with 20 ng/ml IL-33 for 24 h, and then challenged with 5 × 106 TMEV. After 24 h, cells were assessed for TMEV RNA (A), IL-33 (B), IFN-beta (C), and IL-10 (D) 
mRNA using qRT-PCR. For the reported data n=3 for each condition of an experiment, which was repeated n=3. Data are means ± standard error analyzed by 
Student’s t-test; *; ** indicates significantly different from controls, p≤ 0.05. 
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ELISA. Unlike induction of IL-33 gene expression, extracellular IL-33 
protein was found in supernatants of unstimulated cells and decreased 
with TMEV infection of RAW or IRF3KO RAW cells (Fig. 1 G, H). Su-
pernatants of uninfected and TMEV-infected RAW cells had equivalent 
levels of IL-33 at 18 h post-infection. However, IL-33 protein levels at 18 
and 24 h post-infection were less in supernatants of IRF3KO RAW cells 
compared with RAW cells. These data suggest that TMEV infection of 
macrophages induces both M1 and M2 macrophage factors, and IRF3 
influences both sets of factors, including IL-33. 

3.2. IRF3 deficiency increases expression of classical M2 macrophage 
markers 

Arginase 1 (ARG1) and CD206 are recognized signature markers of 
M2, while iNOS (aka NOS2) and IL-6 are signature markers of M2. To 
evaluate the impact of IRF3 on M1 vs M2 classical phenotypic markers, 
we evaluated ARG1 and CD206, as well as iNOS and IL-6 gene expres-
sion in RAW264.7 Lucia and IRF3KO RAW Lucia cells with and without 
TMEV challenge at 18 and 24 h. Expression of both iNOS and IL-6 in 
RAW Lucia macrophages increased at 18 and 24 h post-TMEV infection 
(Fig. 2). As expected, expression of IL-6 was significantly impaired in 
IRF3KO RAW Lucia cells challenged with TMEV, while IRF3 deficiency 
did not significantly affect the expression of iNOS. In contrast, unin-
fected IRF3KO RAW cells expressed significantly elevated levels of 
CD206 and ARG1 mRNA compared with uninfected RAW cells. TMEV- 

infected IRF3KO RAW cells also expressed significantly higher levels 
of CD206 and ARG1 mRNA compared with TMEV-infected RAW cells. 
These data suggest that IRF3 not only promotes the expression of some 
M1 macrophage markers but also represses the expression of M2 
markers. 

3.3. Blockade of IL-33 receptor decreases expression of M2 markers 

Since, IL-33 protein was constitutively released from RAW-Lucia 
cells with or without TMEV infection, we decided to reduce the effect 
of IL-33 with addition of a verified IL-33 receptor ST2 blocking antibody 
at the time of infection (Hashiguchi et al, 2014). Addition of IL-33R ST2 
blocking antibody during the TMEV challenge of RAW Lucia cells only 
slightly reduced TMEV RNA, but significantly reduced CD206 and ARG1 
expression at 24 h post-infection (Fig. 3). In contrast, IL-6 expression 
significantly increased upon the blockade of IL-33R ST2 during TMEV 
infection of RAW Lucia cells. These data suggest that in addition to IRF3 
deficiency, IL-33 production from macrophages promotes the expression 
of M2 phenotypic markers. 

3.4. IL-33 pretreatment increases TMEV infection in RAW264.7 cells and 
increases cytokine response to infection in an IRF3-dependent fashion 

Challenging RAW264.7 cells with TMEV is known to result in 
persistent infection of these cells with this virus (Steurbaut et al., 2006). 

Fig. 5. IL-33 treatment increases M2 phenotypic markers during TMEV infection of RAW cells. 1 × 106 RAW Lucia or IRF3KO RAW Lucia cells were incubated 
overnight in 6-well plates, pretreated with 20 ng/ml IL-33 for 24 h, and then challenged with 5 × 106 TMEV. After 24 h, gene expression of cellular IL-6 and iNOS 
(M1 markers) or CD206 and ARG1 (M2 markers) was assessed using qRT-PCR. For the reported data n=3 for each condition of an experiment, which was repeated 
n=3. Data are means ± standard error analyzed by Student’s t-test; *; ** indicates significantly different from controls, p≤ 0.05. 
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Fig. 6. IL-33 treatment increased innate immune responses during TMEV infection. 1 × 106 RAW Lucia (Left) or IRF3KO RAW Lucia (Right) cells were incubated 
overnight in 6-well plates, pretreated with 20 ng/ml IL-33 for 24 h, and then challenged with 5 × 106 TMEV. After 24 h, (A) IRF3 activity was assessed by secreted 
Luciferase directed by ISRE-IRF3 promoter activity, (B) supernatant Nitric Oxide (NO) assessed using Griess assay, (C) secreted IL-6 and (D) IL-10 assessed using 
ELISA. For the reported data n=3 for each condition of an experiment, which was repeated n=3. Data are means ± standard error and were analyzed by Student’s t- 
test; * indicates significantly different from controls; ** indicates significantly different from TMEV only infected cells, p≤ 0.05. 
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Since RAW cells express IL-33 (Hudson et al., 2008; Kiyomiya et al., 
2015), we set out to determine if additional IL-33 protein could affect 
TMEV infection of macrophages or the response to the infection. RAW 
and IRF3KO-RAW cells were pretreated for 24 h with IL-33 protein and 
then challenged with TMEV. Pretreatment of RAW Lucia or IRF3KO 
RAW Lucia cells significantly increased TMEV infection at 24 h 
post-challenge (Fig 4A). At the same time, treatment with IL-33 
increased the expression of IL-33 and IL-10 mRNA in an 
IRF3-dependent manner (Fig. 4B, D), but did not affect IFN-β induction 
in response to TMEV infection (Fig. 4C). Expression of the M1 marker, 
IL-6 (Fig. 5), but not iNOS, significantly increased with IL-33 pretreat-
ment prior to infection with TMEV in both RAW Lucia and IRF3KO RAW 
Lucia cells. As with the previous experiment, M2 markers, CD206 and 
ARG1, were significantly elevated in IRF3KO RAW Lucia compared with 
RAW Lucia cells, which were elevated further with IL-33 pretreatment 
(Fig. 5). ISRE promoter activity, NO, and IL-10 protein production in 
response to TMEV infection in RAW Lucia increased with IL-33 pre-
treatment (Fig. 6). While the overall responses in IRF3KO RAW Lucia 
cells were substantially lower as expected, IL-33 increased the impaired 
TMEV-induced ISRE promoter activity, IL-6 protein, and IL-10 protein in 
IRF3KO RAW Lucia cells to a small degree (Fig. 6) and failed to restore 

NO production. Interestingly, IL-33 failed to increase IL-6 (Fig. 6C) but 
did increase IL-10 protein production (Fig. 6D) during TMEV infection 
of RAW Lucia or IRF3KO RAW Lucia cells. Therefore, IL-33 significantly 
increased susceptibility to TMEV replication in RAW Lucia cells while at 
the same time augmenting M2 markers, CD206 and ARG1. 

To determine the impact of IL-33 on innate antiviral responses, RAW 
and IRF3KO-RAW cells were pretreated with IL-33 and then stimulated 
with poly I:C, a TLR3 agonist (Alexopoulou et al., 2001), with or without 
IFN-γ (Guinn and Petro, 2019). IL-33 pretreatment alone stimulated NO, 
IL-6, and IL-10 production from RAW cells (Supplemental Fig. 1). Poly 
I:C in combination with IL-33 pretreatment increased IL-10 and IL-6, but 
not NO from RAW cells. IL-33 inhibited ISRE promoter activity in 
response to poly I:C/IFN-γ-stimulated IRF3KO-RAW Lucia cells. While 
IRF3 deficiency increased the expression of ARG1 and CD206 (Sup-
plemental Fig. 2), IL-33 did not increase these expressions in unsti-
mulated or stimulated RAW or IRF3KO RAW cells. Therefore, IL-33 
modulates key innate antiviral immune responses, but its effect in some 
conditions is dependent on IRF3. 

3.5. IRF3 overexpression restores IL-33 induced IL-33, IL-10 and ISRE 
promoter activity in IRF3KO RAW Lucia cells 

IRF3 deficiency decreased IL-33 mRNA expression in cells stimulated 
with TMEV infection or poly I:C with or without IFN-γ (Fig. 7A). 
Interestingly, IL-33 pretreatment induced some IL-33 mRNA expression 
in unstimulated IRF3KO-RAW Lucia cells, but not in unstimulated RAW 
Lucia cells. Stimulation with poly IC or poly IC/IFN-γ did not increase IL- 
33 expression further in IRF3KO-RAW Lucia cells. IL-33 expression in 
RAW Lucia cells was induced to a great extent by poly I:C, but poly I:C- 
induced IL-33 was significantly diminished with IFN-γ costimulation 
(Fig. 7A). Therefore, these results suggest that the expression of IL-33 is 
dependent on IRF3 activity. 

To confirm that IRF3 contributes significantly to IL-33-induced gene 
expressions seen here, IRF3KO-RAW Lucia cells were transiently trans-
fected with pIRF3, a plasmid expression vector encoding wild-type 
mouse IRF3. After transfection, cells were stimulated with poly I:C 
with or without IFN-γ. The results confirm that IRF3KO RAW Lucia cells, 
which do not express IL-33 in response to poly I:C or poly I:C/IFN-γ, 
express significantly increased IL-33 with pIRF3 plasmid transfection 
(Fig. 7B). As expected pIRF3 restored the ISRE response of IRF3KO RAW 
Lucia cells to poly I:C and poly I:C/IFN-γ (Fig. 8A), while overexpression 
of IRF3 alone stimulated ISRE promoter activity. In contrast, poly I:C- 
and poly I:C/IFN-γ-induced production of NO and IL-6 from IRF3KO 
RAW cells was only slightly affected by IRF3 overexpression (Fig. 8B, 
C). In contrast, IL-33 induced IL-10 production from IRF3KO-RAW cells 
was detected with IRF3 overexpression alone and significantly enhanced 
in IL-33 pretreated IRF3KO-RAW cells stimulated with poly I:C or poly I: 
C plus IFN-γ (Fig. 8D). These data confirm that IRF3 activity is a critical 
component in IL-33 gene expression. 

4. Discussion 

The present study provides evidence that IL-33, a unique cytokine of 
the IL-1 family, can increase macrophage susceptibility to replication of 
myelotropic viruses, like TMEV (Lipton et al., 1995; Takata et al., 1998). 
We show here that RAW264.7 mouse macrophage cells treated with 
IL-33 exhibited significantly greater intracellular TMEV genome 24 h 
after infection compared with untreated cells, while blockade of IL-33R 
ST2 prevented this enhancement in TMEV infection. Moreover, 
RAW264.7 cells deficient in IRF3, a key antiviral transcription factor of 
the innate antiviral immune response, exhibited greater levels of TMEV 
infection after treatment with IL-33. Macrophage populations are 
phenotypically diverse and are known reservoirs for persistent viral 
infection, such as the Influenza virus (Sprenger et al., 1994), HIV 
(Ushijima et al., 1992), and Zika virus (Quicke et al., 2016). However, 
the mechanism for persistent viral infection of macrophages is unclear. 

Fig. 7. Induced IL-33 gene expression in IL-33 pretreated RAW cells is IRF3 
dependent. (A) 1 × 106 RAW Lucia or IRF3KO RAW Lucia cells were incubated 
overnight in 6-well plates, pretreated with 20 ng/ml IL-33 for 24 h, and then 
stimulated with 10 μg/ml poly I:C (IC) with or without 20 ng/ml IFN-gamma 
(IFN-γ). (B) 2 × 105 IRF3KO RAW Lucia cells were incubated overnight in 
24-well plates and then cells were transfected with 0.5 μg per well pEGFP 
Empty vector or pIRF3 expression vector. After 24 h of transfection, cells were 
stimulated with 10 ug/ml poly I:C (IC) with or without 20 ng/ml IFN-gamma 
(IFN-g). After 24 h of stimulation, qRT-PCR assessed IL-33 expression (A, B). 
For A, n=3 for each condition of an experiment, which was repeated n=3 and 
for B, n=4. Data are means ± standard error and were analyzed by Student t 
test; * indicates significantly different from controls (nil), p≤ 0.05. 
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M1 macrophages are destructive to microbes, mostly because they 
produce ROS, NO, ISGs, and inflammatory cytokines, such as IL-6 
(Murray, 2017). None of these anti-viral factors declined following 
IL-33 pretreatment prior to TMEV infection. However, macrophages 
undergo phenotypic differentiation upon exposure to cytokines, such as 
IL-4 and IL-33 (Murray, 2017). These alternatively activated macro-
phage subsets, termed M2, contribute to the healing of damaged tissue 
through the production of anti-inflammatory cytokines, such as IL-10, 
growth factors, such as fibroblast growth factors, and expression of 
M2 signature proteins CD206 and ARG1. Here we show that IL-10 in-
creases following IL-33 pretreatment. More importantly, expression of 
CD206 and ARG1 were elevated in RAW 264.7 cells deficient in IRF3, 
suggesting that IRF3 activity downregulates M2 phenotypic markers. 
SJL/J mice, which exhibit persistent infection with TMEV in the CNS, 
express heightened IL-10 production in macrophages during the infec-
tion (Uhde et al., 2018). Many cell types, including macrophages, pro-
duce IL-33 in response to microbial infection, such as with viruses. 
Initially, IL-33 protein is localized to the nucleus and associated with 
chromatin (Cayrol and Girard, 2022). Upon cellular necrosis, which can 
occur due to viral infection of a cell, IL-33 exits the cell. The extracellular 
IL-33 alerts the immune system of cell and tissue damage, wherein 
macrophage populations initiate an M2 resolving phenotype and less of 
an M1 microbial destructive phenotype. The results here show that 
TMEV infection of RAW Lucia macrophage cells induces IL-33 mRNA. 
However, TMEV infection did not stimulate greater release of IL-33 from 
infected cells. A steady state release of IL-33 occurs from RAW Lucia 
cells even without viral challenge. Moreover, addition of exogenous 
recombinant IL-33 increased TMEV infection of RAW Lucia cells, while 
antibody blockade of IL-33R ST2 at these cells only slightly decreased 
TMEV replication. Thus, the pro-M2 cytokine, IL-33, likely contributes 
significantly to persistence of myelotropic viruses but the mechanism by 
which it produces this effect is unclear and may be related to the in-
duction of the signature M2 phenotypic markers, CD206 and ARG1. It is 
interesting to speculate that the elevated expression of ARG1, which is 
an enzyme that catalyzes the conversion of arginine to ornithine, 

depletes intracellular arginine. This would prevent the enzyme iNOS, an 
M1 phenotypic marker, from producing sufficient NO for antiviral ac-
tivity from its arginine substrate. 

Another key finding here is that the optimum expression of IL-33 
depends upon IRF3, an essential transcription factor for immediate 
anti-viral innate immunity. RAW cells deficient in IRF3 expressed 
greatly diminished IL-33 protein production and IL-33 mRNA expression 
either in response to TMEV infection or in response to poly I:C with or 
without IFN-γ. These data are in agreement with a previous study that 
suggested the expression of IL-33 is dependent on IRF3 in macrophages 
(Polumuri et al., 2012). Moreover, IRF3 deficiency impaired the 
response of RAW264.7 cells to IL-33, wherein they express diminished 
IL-10, which is an M2 macrophage cytokine. Restoration of IRF3 
expression in IRF3KO-RAW cells restored IL-33-induced IL-10 and IL-33 
expression in response to poly I:C/IFN-γ. Previously, we showed that 
IRF3 is crucial to IL-6 responses to TMEV infection of macrophages and 
that IL-6 induces the production of NO (Moore et al., 2012; Moore et al., 
2013). In landmark experiments, many others have shown that activa-
tion of IRF3 controls early IFN-β responses of cells to viral infection 
(Wathelet et al., 1998). Secreted IFN-β then stimulates global expression 
of a wide range of additional ISGs, therein securing robust innate anti-
viral immunity (Grandvaux et al., 2002). The IRF3/IFN-β/ISG axis is so 
crucial to anti-viral immunity, it is not difficult to appreciate why most 
viruses, including TMEV through its L-protein (Ricour et al., 2009), 
target some part of the IRF3 activation pathway to promote viral 
replication in host cells (Kuo et al., 2010). It is not clear if failure to 
express IL-33 in IRF3 deficient macrophages is a direct effect or the 
result of deficient production of an IRF3-dependent cytokine that then 
stimulates IL-33 expression. However, our results here show that IRF3 is 
a key transcriptional repressor of M2 phenotypic markers, CD206 and 
ARG1. 

Since its discovery, the evidence points to a key role of IL-33 in both 
innate and adaptive immune responses. In contrast to its effect on innate 
anti-viral immune responses, IL-33 is beneficial in the development of 
cytolytic CD8 T cell adaptive immune responses during viral infection 

Fig. 8. Induced IL-10 expression and IRF3-ISRE 
promoter activity in RAW cells is IRF3 depen-
dent. 2 × 105 IRF3KO RAW Lucia cells were 
incubated overnight in 24-well plates and then 
cells were transfected with 0.5 μg per well 
pEGFP Empty vector or pIRF3 expression vec-
tor. After 24 h cells were stimulated with 10 μg/ 
ml poly I:C (IC) with or without 20 ng/ml IFN- 
gamma (IFN-g). After 24 h of stimulation, IRF3- 
ISRE promoter activity was assessed with 
secreted luciferase (A), NO assessed with Griess 
assay (B), and IL-6 (C) or IL-10 (D) assessed by 
ELISA. For A, n=3 for each condition of an 
experiment, which was repeated n=3 and for B- 
F, n=4. Data are means ± standard error and 
were analyzed by Student t test; * indicates 
significantly different from pEGFP controls, p≤
0.05.   
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(Bonilla et al., 2012) and it amplifies Treg responses (Schiering et al., 
2014). Moreover, IL-33 decreases the expression of Blimp-1 and in-
creases the expression of IRF-8 in RAW264.7 macrophages (Kiyomiya 
et al., 2015). Therefore, IL-33 influences many components of antiviral 
immunity. 

The mechanism by which IL-33 increases susceptibility to macro-
phage infection with myelotropic viruses is unclear. IL-33 pretreatment 
augmented IL-10 production, which is a M2 macrophage cytokine. IL-33 
pretreatment did not augment IL-6 production in response to TMEV 
infection, but it did stimulate IL-6 from RAW264.7 cells without TMEV 
infection. Despite its limited impact on IL-6 here, there is evidence that 
IL-6 has diverse effects on target cells, which affect the response to IL-33. 
In that regard, JAK1, JAK2, and Tyk2 of the IL-6 receptor system can 
activate cytoplasmic STAT1 and STAT3 (Akira, 1997), and depending on 
whether STAT1 or STAT3 is activated by IL-6 could control macrophage 
responses to viruses. It is reasonable to speculate that if IL-6 activates 
pSTAT1 (Lv et al., 2017) in the presence of IL-33 this could lead to M1 
phenotype with ISG expression, including ISG54 (IFIT2) and control of 
virus infection. But if IL-6 activates pSTAT3 (Wei et al., 2022) in the 
presence of IL-33 then M2 phenotype with survivin protein expression 
could occur, ultimately leading to virus persistence(Zhang et al., 2021). 
In support of this assertion is evidence that IL-33 induces STAT3 (Liang 
et al., 2018) and downregulates STAT1 (Stier et al., 2017). Thus, while 
IL-33 does not augment IL-6 production substantially during virus 
infection, it could change the intracellular response to IL-6 in such a 
manner as to contribute to virus persistence. In conclusion, IL-33, a 
unique cytokine termed an alarmin and known to be involved in M2 and 
Th2 differentiation, could play a role in the increased susceptibility of 
macrophages to persistent viral infection. However, the role of IRF3 in 
preventing persistent infection of macrophages by viruses now includes 
the ability of IRF3 to downregulate macrophage M2 phenotypic 
markers. It remains to be seen if IL-33 augments infection in macro-
phages with other viruses shown to be myelotropic, such as ATCV-1 
chlorovirus (Petro et al., 2015). 

Author statement 

The authors declare that research described was conducted in an 
ethical manner. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests that influenced the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This study was funded by Stuart Nichols Research Foundation and 
research support from the UNMC College of Dentistry. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.virusres.2022.199007. 

References 

Akira, S., 1997. IL-6-regulated transcription factors. Int. J. Biochem. Cell Biol. 29 (12), 
1401–1418. 

Alexopoulou, L., Holt, A.C., Medzhitov, R., Flavell, R.A., 2001. Recognition of double- 
stranded RNA and activation of NF-[kappa]B by Toll-like receptor 3. Nature 413, 
732–738. 
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