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ARTICLE INFO ABSTRACT

Keywords: Tripartite motif 21 (TRIM21) is a cytosolic Fc receptor that targets antibody-bound, internalized pathogens for
TRIM21 destruction. Apart from this intrinsic defense role, TRIM21 is implicated in autoimmune diseases, inflammation,
Influenza A virus and autophagy. Whether TRIM21 participates in host interactions with influenza A virus (IAV), however, is
BXD mmice unknown. By computational modeling of body weight and lung transcriptome data from the BXD parents
Transcriptome

(C57BL/6 J (B6) and DBA/2 J (D2)) and 41 BXD mouse strains challenged by IAV, we reveal that a Trim21-
associated gene network modulates the early host responses to IAV infection. Trim21 transcripts were signifi-
cantly upregulated in infected mice of both B6 and D2 backgrounds. Its expression was significantly higher in
infected D2 than in infected B6 early after infection and significantly correlated with body weight loss. We
identified significant trans-eQTL on chromosome 14 that regulates Trim21 expression. Nr1d2 and Il3ra were
among the strongest candidate genes. Pathway analysis found Trim21 to be involved in inflammation and im-
munity related pathways, such as inflammation signaling pathways (TNF, IL-17, and NF-kB), viral detection
signaling pathways (NOD-like and RIG-I-like), influenza, and other respiratory viral infections. Knockdown of
TRIM21 in human lung epithelial A549 cells significantly augmented IAV-induced expression of IFNB1, IFNL1,
CCL5, CXCL10, and IFN-stimulated genes including DDX58 and IFIH1, among others. Our data suggest that a
TRIM21-associated gene network is involved in several aspects of inflammation and viral detection mechanisms
during IAV infection. We identify and validate TRIM21 as a critical regulator of innate immune responses to IAV
in human lung epithelial cells.

Recombinant inbred
Innate immunity
Modeling

1. Introduction the timing and magnitude, as well as a delicate balance of these early

innate immune responses are believed to dictate influenza disease

Influenza A viruses (IAVs) cause seasonal epidemics and occasionally
lead to outbreaks of pandemic potential, posing a major public health
challenge associated with significant morbidity and mortality. Infections
with IAVs in vivo elicit robust host responses in the respiratory tract,
including the induction of interferon (IFN) family of antiviral cytokines
and interferon-stimulated genes (ISGs) and production of proin-
flammatory mediators, which collectively limit viral replication and
spread but can inflict deleterious tissue damage if uncontrolled. As such,

pathogenesis and infection outcome. A deeper understanding of the host
genes and gene networks that operate in response to IAV infection is
critically needed and could inform therapeutic and/or prophylactic
countermeasures.

Classified within the tripartite motif protein (TRIM) family of E3
ubiquitin ligases, TRIM21 (also known as RO52) is an intracellular
antibody receptor that is expressed in most human tissues (Mallery et al.,
2010). By binding to the Fc domain of immunoglobulins, TRIM21
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targets antibody-bound pathogens that have gained access to the cyto-
plasm of host cells for degradation. In addition to its immune surveil-
lance role, TRIM21 is implicated in several autoimmune disorders (Oke
and Wahren-Herlenius, 2012) often associated with hyperactivated type
1 IFN response. For instance, TRIM21 autoantibodies are frequently
detected in systemic lupus erythematosus and Sjogren’s syndrome. The
precise involvement of TRIM21 in these inflammatory disorders remains
murky. Intriguingly, with itself being an ISG product, TRIM21 sup-
presses IFN response by targeting a pivotal transcription factor,
IFN-regulatory factor-3 (IRF3) for degradation by acting as an auto-
phagic receptor (Kimura et al.,, 2017). However, the effect on
IRF3-dependent IFN signaling reported for TRIM21 has not been
consistent and likely is cell type- and/or infection setting-dependent,
with both positive and negative regulations having been reported
(reviewed in (Jones et al., 2021)). Thus far, relatively little research has
been conducted on TRIM21 regarding its potential role(s) in
non-autoimmune diseases. Given the recent observations that TRIM21
participates in regulating autophagy (Kimura et al., 2015) including that
induced by IAV infection (Sparrer et al., 2017), we hypothesized that
TRIM21 and/or its associated gene networks may play a part in modu-
lating pathogenesis of and/or host responses to IAV infection.

It is well known that human diseases are a result of complex in-
teractions between genetic and environmental factors. As one of the best
characterized genetic reference populations, the BXD recombinant
inbred (RI) mice derived from crossing B6 and D2 inbred strains have
been widely used to study genetic basis of disease phenotypes. With
~150 fully sequenced strains and ~6 million sequence variants, BXD RI
mice are suited as a diversity platform to define genetic variations linked
to various diseases, including microbial infections. Previously, we and
others have successfully employed the BXD platform to explore genetic
factors that influence influenza virus susceptibility (Xu et al., 2020;
Boon et al., 2009; Nedelko et al., 2012), based on striking differences in
viral replication and disease severity between parental B6 and D2 and
across the BXD strains. In this study, we set out to investigate whether
Trim21-associated gene networks are involved in modulating the innate
immune response to IAV infection, by mining the lung transcriptomics
and weight loss data accrued from a subset of BXDs challenged with IAV
(H1N1). We segregated differences in Trim21 expression between the B6
and D2 strains, then used systems genetics approach to model the
Trim21 upstream/downstream regulators, genetic networks, and genetic
pathways, to lend insights into mechanisms of host responses to IAV
infection. Finally, we selected TRIM21 for functional validation using
RNAIi approach in a human lung epithelial cell culture model of IAV
infection. Our data suggest TRIM21 negatively regulates innate antiviral
immune responses to IAV in ways that modulate disease pathogenesis.

2. Methods
2.1. Ethics statement

All experiments in mice were approved by an external committee
according to the German national guidelines of the animal welfare law
(for B6 and D2 parental experiments) and the UTHSC Institutional An-
imal Care and Use Committee (for BXD experiments), and the protocol in
Germany has been reviewed and approved by an ethics committee as
described in the regulations from the German Bundesministerium fiir
Ernahrung, Landwirtschaft und Verbraucherschutzand, and detailed in
the “Tierschutzkommissions-Verordnung vom 23. Juni 1987 (BGBL I S.
1557)”  (http://www.gesetze-im-internet.de/  bundesrecht/tiersch-
komv/gesamt.pdf). Subsequently, the protocol has been formally
approved by the ‘Niedersachsisches Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit, Oldenburg, Germany’ (Permit Number:
3392 42,502-04-13/1234).
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2.2. Infection of mice

We used female mice bred at the University of Tennessee Health
Science Center (UTHSC) for BXD infections, and mice obtained from
Janvier (France) for infection of BXD parental strains (B6 and D2 mice).
Animals were housed at UTHSC or at the Helmholtz Centre for Infection
Research (HZI) and maintained on a 12:12 light/dark cycle, with ad
libitum access to food and water. Original stocks of mouse-adapted A/
Puerto Rico/8/34 (H1N1, PR8M) virus were obtained from Stefan
Ludwig, University of Miinster. Virus stocks were propagated in the
chorioallantoic cavity of 10-day-old pathogen-free embryonated
chicken eggs for 48 h at 37 °C. Viral titer was determined using a focus-
forming unit (FFU) assay. Mice were infected between 8 and 12 weeks of
age. Animals were anesthetized by intraperitoneal injection of keta-
mine/xylazine (10% (v/v) of 100 mg/mL ketamine and 5% (v/v) of 20
mg/mL xylazine in 0.9% (w/v) NaCl with a dose adjusted to body weight
(200 pL/20 g body weight). Infection was performed by intranasal
application of virus solution in 20 pL sterile phosphate-buffered saline
(PBS), with a PR8M dosage of 2 x 103 FFU. Mice were infected in an
approved animal facility at UTHSC or HZI.

2.3. Quantifying effects of infection on body weight and Trim21
expression

We calculated body weight loss at 3, 5, 8 and 14 d.p.i. of parental B6
and D2 mice that were also used for RNAseq analysis as a percentage of
their initial weight. Mice that lost more than 30 % of their starting body
weight were sacrificed for ethical reasons. We used the Pearson corre-
lation coefficient to determine correlation between Trim21 expression
and body weight.

2.4. Data sets

B6D2-RNAseq: RNAseq data used here from parental strains have
been described in our previous publication (Wilk et al., 2015; Xu et al.,
2021)(GEO-ID: GSE 66,040). Briefly, mice were infected between 8 and
12 weeks of age by intranasal application of virus PR8M with a dose of 2
x 10° FFU. Lungs were collected on 1 and 3 days post infection (d.p.i)
from mock-infected mice; 1, 3, and 5 d.p.i. from infected D2 mice; and 1,
3,5, 8, and 14 d.p.i. from infected B6 mice, respectively, and processed
for transcriptomics profiling by RNAseq. Reads were processed as
described in (Wilk et al., 2015; Xu et al., 2021). Normalized, logs
transformed data are presented.

B6D2-RNAseq-BW: body weight changes from B6 and D2 mice from
the B6D2-RNAseq experiment. Body weights were measured until 3 d.p.
i. when mice were sacrificed for preparation of lung tissues for RNAseq
analysis. Detailed data are provided in supplement ST1.

BXD-RNAseq: RNA-seq data from 41 BXD strains have been pub-
lished previously by our group (Xu et al., 2021)(GEO-ID: GSE 165,744
and GeneNetwork ID: “HZI Lung Flu Infected BXD (Nov16) RNA-Seq”;
GN807). Briefly, mice were infected between 8 and 12 weeks of age by
intranasal application of virus PR8M with a dose of 2 x 10° FFU. RNA
was prepared from lungs at 3 d.p.i. and sequenced. Reads were pro-
cessed as described in (Wilk et al., 2015; Xu et al., 2021). Normalized,
log, transformed data are presented. Analysis and visualization of
expression data was performed using the R software package (version
4.2.1) (R_Core_Team 2013a).

BXD-BW: The body weight changes from this experiment are pro-
vided in table ST2. Body weights were measured until 3 d.p.i. when mice
were sacrificed for preparation of lung tissues for RNAseq analysis.
Detailed data are provided in supplement ST2.

2.5. Expression quantitative trait locus (eQTL) mapping

Complex traits are the results of the expression of multiple genes, and
chromosomal regions that are responsible for variances in the expression
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traits can be revealed by eQTL mapping methods. To identify genetic
loci that are responsible for regulating Trim21 expression in BXD mice,
we employed interval mapping method (Haley and Knott, 1992) to
perform eQTL mapping using the lung dataset of “HZI Lung Flu Infected
BXD (Nov16) RNA-Seq” that was previously published by us (Xu et al.,
2021). This dataset is accessible through our GeneNetwork website
(www.genenetwork.org) with the identifier GN807. The eQTL mapping
was performed on GeneNetwork (www.genenetwork.org) using the in-
terval mapping method (Haley and Knott, 1992). The interval or fast
linear mapping method uses the likelihood ratio statistics (LRS) to
measure the linkages between the investigated trait and genotype
markers. The genome-wide significant and suggestive QTLs were
determined with 1000 permutation tests. An LRS of 11.05 and 17.09 was
considered as suggestive and significant threshold, respectively. This
method used more than 7300 informative SNP genotype markers for the
analysis; the file containing these genotype markers can be accessed
through our GeneNetwork.

2.6. Genetic correlation analysis

We used Pearson correlation coefficient to identify genes that were co-
expressed with Trim21 in the lung transcriptome of BXD mice (BXD-
RNAseq). We computed the adjusted p-value (Benjamini & Hochberg) for
each correlation. Trim21-correlated genes having a correlation r of
minimum +0.3 and a significance p-value <0.05 were selected for
further analysis.

2.7. Candidate gene identification

A 2-LOD confidence interval within the eQTL region was used for
identifying potential candidate genes modulating Trim21 expression. We
used a scoring system (scores ranging from 0 to 10) to prioritize the
candidate genes. The scoring system contains five different parameters,
and each parameter was assigned a different score based on its overall
weightage.

1. Mean expression in the lung dataset (1 score): We considered
genes with low expression levels (< 7) to be background noise.
Hence genes with an expression of >7 in lung tissue were assigned a
score of 1.

2. Correlation with Trim21 (2 score): Genes significantly correlated
(p <0.05) with Trim21 were given higher weightage and were
assigned a score of 2.

3. Cis-regulation (1 score): For the genes located within 2-LOD con-
fidence interval, eQTL mapping was performed. A gene was
considered cis-regulated and was assigned a score of 1, if the eQTL
had >11 LRS and it was within 5 Mb of the gene’s position.

4. Coding SNP between D2 and B6 (1 score): Genes harboring non-
synonymous SNPs between B6 and D2 parental strains were assigned
a score of 1.

5. Functional relevance (5 score): To determine if the QTL genes are
functionally important in lung infection, we used the following
public databases: Mouse Genome Informatics (MGI, http://www.
informatics.jax.org/) (Smith et al., 2018), Rat Genome Database
(RGD, www.rgd.mcw.edu) (Smith et al., 2020), International Mouse
Phenotyping Consortium (IMPC, http://www.mousephenotype.
org/) (Dickinson et al., 2016), Gene Ontology (GO, http://geneont
ology.org) (Ashburner et al., 2000) and GWAS Catalog (www.ebi.
ac.uk/gwas) (Buniello et al., 2019). These databases were queried
with ‘inflammation’, ‘flu’, and ‘immunity’ related terms. Genes
found in the RGD database and human GWAS portal were given a
higher weightage of 4, whereas a score of 3 was assigned if found in
other databases.
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The scores across all the five categories were summed for each gene
and those with a score of at least 5 (50 % of the total score) were selected
as candidate genes for further analysis.

2.8. Gene set enrichment analysis

Genes that had significant correlation (sample correlation r of > 0.3
or < —0.3; p < 0.05 and literature correlation r >0.3) with Trim21 and
having a mean expression value >7 were selected for gene set enrich-
ment analysis (dataset BXD-RNAseq). We used clusterProfiler R package
(Yu et al., 2012) for Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa et al., 2002) pathway enrichment analyses with default pa-
rameters, while enriched mammalian phenotype ontologies (MPOs)
were obtained using WebGestalt (www.webgestalt.org) (Liao et al.,
2019) with ‘protein coding genes’ as the reference background and at
least 5 genes in each category. Annotations with Benjamini-Hochberg
corrected false discovery rate (FDR) p-value <0.05 were considered
statistically significant.

2.9. Cells and IAV infection in vitro

HEK293FT, A549, and Vero cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10 % heat-
inactivated fetal bovine serum, 100 I.U. of Penicillin, and 100 pg/mL
Streptomycin, using conventional techniques. A nonstructural protein 1
(NS1)-truncated mutant IAV of H3N2 subtype, designated influenza A/
swine/Texas/4199-2/98 1-126 (referred to as 1-126 TX/98) virus was
provided by Richard Webby at St. Jude Children’s Research Hospital,
Memphis, TN (Solorzano et al., 2005). Virus stocks were prepared in the
allantoic cavities of embryonated chicken eggs. Cells were infected with
1-126 TX/98 virus at the specified multiplicity of infection (MOI), or
mock-infected, for the indicated times, prior to cell lysis for analyses of
RNA and protein expression as described below.

2.10. RNA interference

To stably deplete TRIM21 expression, we employed a short hairpin
RNA (shRNA) construct in pLKO.1-puro backbone specifically targeting
human TRIM21 coding sequence (Openbiosystems, TRCN0000010839),
which we found to be most effective in knocking down TRIM21
expression in preliminary testing of several shRNAs. The shRNA target
sequence was GAGTTGGCTGAGAAGTTGGAA. The shRNA vector was
packaged into replication-incompetent lentiviral particles in transfected
HEK293FT cells, which were subsequently used to transduce A549 cells
in the presence of 8 ug/ml polybrene (Sigma-Aldrich). Following se-
lection in culture medium containing 1 pug/ml puromycin for ~7 days,
surviving cells were pooled and used for analyses.

2.11. Quantitative RT-PCR

Total RNA was extracted from cells following indicated treatments
using TRIzol (Invitrogen) and subsequently used to program cDNA
synthesis using moloney murine leukemia virus (MMLV) reverse tran-
scriptase (RT) (Promega) and random primers (Invitrogen) according to
manufacturers’ specifications. Quantitative real-time PCR was per-
formed on the cDNA samples with gene-specific primers (see below), an
Applied Biosystems SYBR green master mix and an Applied Biosystems
QuantStudio 3 Real-Time PCR System. The primers for IFNB1, IFNLI,
CCL5, CXCL10, IFIT1(a.k.a., ISG56), and 28S (housekeeping internal
control) have been described (Kumthip et al., 2017; Shen et al., 2012).
Other primers used were: IFIT3 (aka., ISG60), 5-
TGAGGAAGGGTGGACACAACTGAA-3' (forward) and

5-AGGAGAATTCTGGGTTGTTGGGCT-3' (reverse) (Li and Swami-
nathan, 2019); MDAS5 (a.k.a., IFIH1), 5- CATCTGATTGGAGCTGGACA-3'
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(forward) and

5-TGCCACTGTGGTAGCGATAA-3' (reverse); RIG-I (a.k.a, DDX58),
5- GGACGTGGCAAAACAAATCAG-3' (forward) and 5-ATTGTGATCTC-
CACTGGCTTTGA-3' (reverse); and TRIM21, 5-TCAGCAGCACGCTTGA-
CAAT- 3 (forward) and: 5-GGCCACACTCGATGCTCAC-3' (reverse)
(Cheng et al., 2020). To monitor the level of 1-126 TX/98 virus repli-
cation, we used the following primers to gauge the intracellular
expression of viral hemagglutinin (HA) mRNA: 5-ACGAAATGGGA
AAAGCTCAATAAT-3' (forward) and 5-CATTTGGAGTGATGCATTC
AGAA-3' (reverse). The relative abundance of transcript for each gene in
each sample was normalized to that of 28S ribosomal mRNA.

2.12. Immunoblotting

Cellular extracts were prepared, quantified for protein concentra-
tions, and subjected to sodium dodecyl sulfate - polyacrylamide gel
electrophoresis and subsequent Western blotting as described previously
(Li, 2009). For immunodetection, we used the following monoclonal
(mAb) and polyclonal (pAb) antibodies: mouse anti-IAV NP mAb 5/1
(Varich et al., 2009); Rabbit anti-TRIM21 mAb (Cell Signaling Tech-
nology); rabbit anti-IFIT1/ISG56 pAb (Wang et al., 2009); rabbit
anti-IFIH1/MDA5 pAb (Proteintech); rabbit anti-DDX58/RIG-I pAb
(Enzo Life Sciences); mouse anti-Vinculin mAb (Proteintech); and
appropriate IRDye® secondary antibodies - goat anti-mouse IgG IRDye®
680RD or goat anti-rabbit IgG IRDye® 800CW (both from LI-COR Bio-
sciences). Protein bands were visualized with an Odyssey infrared im-
aging system (LI-COR Biosciences). To compare the expression levels of
a protein of interest across different samples in immunoblotting, signal
intensity of the target protein band(s) was analyzed using Image Stu-
dio™ (LI-COR Biosciences) and normalized to that of a loading control,
as specified.

2.13. IFN bioactivity assay

IFN production in cell culture supernatants, measured as antiviral
bioactivity against vesicular stomatitis virus (Indiana strain), was
determined by a micro-plaque reduction assay on Vero cells cultured in
96-well plates, as described (Langford et al., 1981). IFN titers were
expressed as units/ml.
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3. Results

3.1. Effects of IAV infection on Trim21 expression in the lungs of B6 and
D2 mice at different time points following viral infection

B6 and D2 mice were mock-infected or challenged with IAV via the
intranasal route. Basal expression of Trim21 in mock-treated B6 and D2
was comparable. Following IAV challenge, the abundance of Trim21
transcript was upregulated in both strains of animals (Fig. 1). Expression
levels in D2 mice decreased strongly at 5 d.p.i. from 3 d.p.i. (although
still much higher than 1 d.p.i.), most likely because of significant lung
damage and mice being moribund (Srivastava et al., 2009). The extent to
which Trim21 was upregulated in infected B6 mice was also slightly
reduced on 8 d.p.i. compared with 3-5 d.p.i., concomitant with pro-
found weight loss (see below in Fig. 2). Students’ T-tests revealed that
significant differences existed between mock-treated and infected lungs
for both strains (p = 2.53E-08 for B6 and p = 7.06E-08 for D2, respec-
tively). There was also a significant difference between the infected B6
and D2, with the latter having more heightened upregulation of Trim21
expression on 3 d.p.i. (p = 0.00288, Fig. 1).

3.2. Effects of IAV infection on body weight in mice

Body weight of infected parental strains from which RNA was iso-
lated for RNAseq analysis was recorded as percent of starting weight
from the days of preparation (Fig. 2). D2 cases lost their weight quickly
and progressively until 5 d.p.i. By comparison, infected B6 mice shed
their mass more slowly and to a much lesser extent on 3 and 5 d.p.i.,
followed by recovering from their illness. By ~ 14 d.p.i., all B6 cases had
regained their weight to nearly pre-infection levels (Fig. 2). There was a
significant inverse correlation between animal body weight and Trim21
expression levels (correlation coefficient: —0.6; significance: p = 0.002.
R? = 0.33, Fig. 3).

3.3. Trim21 expression in the lungs of BXD mice

Trim21 expression was determined by RNAseq in 41 BXDs and both
B6 and D2 parents in the lung dataset “HZI Lung Flu Infected BXD
(Nov16) RNA-Seq” (GeneNetwork ID: GN807) (Xu et al., 2021). BXD56

had the lowest expression level (9.361) while BXD67 had the highest
(9.842). The average expression of Trim21 across the strains was 9.60 +

B6-mock ==<=D2-mock

o 1 2 3 4 5 6

7 8 9 10 11 12 13 14 15

Days post infection

Fig. 1. Pulmonary Trim21 expression at indicated time points post mock or IAV infection. The x-axis represents the days after infection, and the y-axis shows
log, normalized Trim21 expression as a difference to expression levels on 0 d.p.i. (before infection). n = 3 mice per group. Note that D2 mice had to be sacrificed
when losing more than 30 % of their starting body weight and, therefore only data for up to 5 d.p.i. were recorded for this strain. Data set: B6D2-RNAseq. Triple
asterisks in red, blue, and black colors indicate p <0.001 between infected and mock-infected D2, between infected and mock-infected B6, and between infected D2

and infected B6, respectively.
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Fig. 2. Body weight changes of B6 and D2 mice post infection. The x-axis shows the days post infection, and the y-axis shows the mean body weight as a
percentage (+/- 1 SEM) of the starting weight, which was set to 100 %. Body weight measurements are shown for days on which RNA was isolated for the RNAseq
study. B6 mock: n = 3, B6 infected,n =12 at 3d.p.i.,n=9 at 5d.p.i., n =6 on 8 d.p.i. and n = 3 on 14 d.p.i.; D2 mock: n = 3, D2 infected,n =6 on 3 d.p.i. andn=3

on 5 d.p.i. Data set: B6D2-RNAseq-BW.

BW

e B6 e D2

9.0 9.2 9.4

9.6 9.8 10.0

Trim21

Fig. 3. Correlation analysis of body weight and Trim21 gene expression. The x-axis shows the Trim21 expression in log,-normalized expression values, the y-axis
shows body weight as a percent of the starting weight. Data is shown for B6 and D2 mice from Fig. 2. Red line shows the modelled linear regression. B6 mock: n = 3,
B6 infected, n = 3 at 3d.p.i., n=3 at 5d.p.i., n =3 on 8 d.p.i. and n = 3 on 14 d.p.i.; D2 mock: n = 3, D2 infected, n = 3 on 3 d.p.i. and n = 3 on 5 d.p.i. Data sets:

B6D2-RNAseq, B6D2-RNAseq-BW.

0.10 (mean + SD). We observed a 1.4-fold difference in Trim21
expression across the BXDs and their parents (Fig. 4).

3.4. eQTL mapping

We performed eQTL mapping for Trim21 expression in BXD mice and
identified a significant eQTL on chromosome 14 (Chr 14) at 4~10 Mb
(peak LRS = 21.5 at 9.53 Mb) and two suggestive eQTLs at 19~24 Mb
(peak LRS = 15.4), and 114~116 Mb (peak LRS = 13.6), respectively
(Fig. 5) using interval mapping method in our GeneNetwork. These loci
are distantly located from the genomic location of Trim21 on chromo-
some 7 at 102.5 Mb (Fig. 5A), indicating that Trim21 is trans-regulated.

3.5. Candidate gene identification

We considered a 2-LOD (one unit of LOD is equivalent to 4.61 units of
LRS) interval for identifying the potential candidate genes modulating

Trim21 expression. The 2-LOD region ranged from 0~24 Mb on Chr 14
covering the significant and one of the suggestive QTLs. This region
contained a total of 54 genes. As described in the Methods section, we
used a comprehensive scoring system to prioritize the candidate genes.
Among 54 genes, 42 were expressed in IAV-infected mouse lungs
(dataset “GN807: HZI Lung Flu Infected BXD (Nov16) RNA-Seq”), 4
were cis-regulated, 38 had significant correlation with Trim21, and 12
were identified as functionally relevant to immunity, inflammation or
influenza based on data gathered from multiple resources. The potential
candidate genes were ranked based on total score and finally 15 genes
having a score of at least 5 (50 % of the total score) were selected for
further analysis (Table 1).

To further investigate the 15 potential candidate genes and gain
better insights into their association with viral infections, we examined
existing literature for each gene’s function in response to IAV infection,
role in the immune system, and known relations to TRIM21. Our liter-
ature review supported two genes having functional relevance to
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Fig. 4. Expression levels of Trim21 in the lung tissue of IAV-infected BXD mice. The x-axis shows the indicated BXD strains and both parental strains, and the y-
axis the logy-normalized expression levels of Trim21. Data set: BXD-RNAseq.
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Table 1
List of potential candidate genes in eQTL region and with a score of at least 5.

Virus Research 342 (2024) 199335

Gene symbol Gene ID Mean expression Trim21 correlation Non-synonymous SNP Cis-regulation Functional relevance Total score
3830406C13Rik 218,734 1 2 1 1 - 5
Ptprg 19,270 1 2 1 1 - 5
II3ra 16,188 1 2 1 1 - 5
Top2b 21,974 1 2 1 - 3 7
Nrld2 353,187 1 2 1 - 3 7
Anxa7 11,750 1 - 1 - 3 5
Plau 18,792 1 2 - 4 7
Zfp503 218,820 1 2 - - 3 6
Kenmal 16,531 - 2 - - 3 5
Dlg5 71,228 1 2 - - 3 6
Polr3a 218,832 1 2 - - 3 6
Abcc4 239,273 1 - - 4 6
Dnajc3 100,037,258 1 2 4 7
Uggt2 66,435 1 2 1 1 - 5
Oxgrl 239,283 2 1 4 7

TRIM21 and IAV response, NR1D2 and IL3RA. NR1D2 has been impli-
cated in circadian rhythm, which is known to regulate the immune
system, while IL3RA is known to be directly involved in the immune
system.

3.6. Gene set enrichment analysis of Trim21-correlated genes

To understand the function of TRIM21 in IAV-infected BXD mice
lungs, we performed gene set enrichment analyses of the co-expressed
genes. For this analysis, a total of 3456 Trim21-coexpressed genes that
showed significant correlation (correlation r > 0.3 or < —0.3; p < 0.05),
higher expression in lung (mean expression >7), and literature corre-
lation >0.3 were considered. The enrichment analysis resulted in 106
significant (adjusted p < 0.05) KEGG pathways and 196 MPOs (Sup-
plementary Table 3). Furthermore, we filtered the pathways based on
the gene expression difference between virus-infected and mock-
infected mice. The criteria were: a) over 20 % of pathway genes with
significant FDR in infected mice on Day 3 compared to mock infected,
and b) over 50 % of pathway genes with significant FDR in day 5
infected mice compared to mock infected. This resulted in 13 KEGG
pathways, six of which are signaling pathways implicated in immunity,
viral infections, and inflammation, one is Influenza A, and six are dis-
eases with known effects on inflammation and immunity (Fig. 6A). Top
25 MPOs, many of which are related to immune system response and
blood cell physiology are shown in Fig. 6B.

3.7. Depletion of TRIM21 augmented IAV-induced expression of key
genes in innate antiviral immune response

We sought to experimentally validate if TRIM21 has a role, as pre-
dicted in our model, in IAV-elicited host responses. The adenocarci-
nomic human alveolar epithelial cell line, A549, has been widely used to
model responses of lung epithelial cells to respiratory viruses including
IAVs. To examine the impact of TRIM21 expressed at physiological
levels, we created A549 cells with stable knockdown of TRIM21 using an
shRNA specifically targeting TRIM21 coding sequence (referred to as
shT21).

We then mock-infected and infected A549 TRIM21-knockdown cells
(A549-shT21) and control A549 cells, respectively, with IAV 1-126 TX/
98 virus, and performed qRT-PCR to measure the abundance of mRNAs
for TRIM21, IFNL1, IFNB1, CCL5, CXCL10, IFIT1, IFIT3, DDX58, IFIHI,
and IAV HA. Because IAV NS1 protein strongly inhibits host gene
expression including those of critical innate immune responses (Krug
et al., 2003), we chose to use an NS1-trucated mutant, 1-126 TX/98
virus, which elicits more potent host responses than wild-type IAV
(Solorzano et al., 2005) and thus would allow for more sensitive
detection of any effects TRIM21 may have. As shown in Fig. 7, IAV
infection stimulated expression of TRIM21 in control A549 cells by

~3-fold, consistent with TRIM21 itself being an ISG and typically
upregulated in virus-infected cells. By contrast, this viral upregulation of
TRIM21 transcript was abrogated in shT21 cells, supporting efficient
knockdown of TRIM21 was achieved. Indeed, highly efficient depletion
of TRIM21 protein in A549-shT21 cells was confirmed by immunoblot
analysis (Figure 8A, see below). We found the IAV induction of IFNLI
and IFNBI, key antiviral effector cytokines in the respiratory tract, was
significantly augmented in TRIM21-knockdown cells than in control
A549 cells, as was that of two prominent inflammatory chemokines,
CCL5 and CXCL10. In line with these observations, the IAV induction of
multiple well-characterized ISGs, including IFIT1 and IFIT3, and the
cytosolic viral RNA sensors DDX58 and IFIH1 was also significantly
enhanced in shT21 cells in comparison with control A549 cells. In these
experiments, robust viral replication, as gauged by high levels of intra-
cellular HA mRNA, was observed in both shT21 and control A549 cell
lines; a barely ~2-fold drop in HA mRNA abundance was witnessed in
the former than the latter (Fig. 7).

Next, we determined whether the effects of TRIM21 depletion on
transcripts for host innate immune genes correlated with changes in
their respective proteins, focusing on those critically involved in anti-
viral responses. Immunoblot analyses demonstrated expression of
DDX58, IFIH1, and IFIT1 proteins was all substantially upregulated in
control A549 cells at 17 h post-infection by IAV 1-126 TX/98 virus, but
to greater extent in A549-shT21 cells (Fig. 8A, compare lanes 6 vs 3).
Using an IFN bioactivity assay based on plaque reduction in vesicular
stomatitis virus, a negative-strand RNA virus highly sensitive to the
antiviral action of IFNs, we quantified IFN production in culture su-
pernatants from IAV-challenged cells (Fig. 8B-C). It was revealed that
A549-shT21 cells produced significantly higher amounts of IFN than
control A549 cells.

Taken collectively, our mRNA and protein data consistently
demonstrate that TRIM21 is a negative regulator of innate antiviral
immune responses elicited by IAV in human alveolar epithelial cells.

4. Discussion

In this study, we took a systems genetics approach to extract key
nodes in host responses to IAV infection. Our data suggest that a
TRIM21-assoicated gene network contributes to orchestrating the innate
immune mechanisms elicited by the virus, in ways that modulate IAV
disease pathogenesis in mice. Specifically, we found Trim2I to be
differentially expressed between the BXD parents and across BXD RI
strains that develop illness of varying severity, as judged by extent of
weight loss, following IAV challenge (Nedelko et al., 2012). Of note, in
IAV-infected mice viral replication starts at 1 d.p.i., reaches peak levels
at ~ 5 d.p.i., and declines thereafter, becoming undetectable at ~7-8 d.
p-i. Expression of IFNs, chemokines and cytokines follows this kinetics.
The adaptive immune response starts at ~6-8 d.p.i. Recovery of disease
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(regaining body weight) begins at ~8 d.p.i (Srivastava et al., 2009). We
observed that the kinetics of pulmonary Trim21 expression (Fig. 1) fol-
lowed those of IAV presence and innate immune response. Therefore, we
concentrated in our study on the early times post infection because we
thought that these are most relevant for TRIM21 functions described
herein. Our analyses revealed that Trim21 transcript was upregulated to
significantly greater extent in the highly susceptible D2 mice than in the
relatively resistant B6 animals at 3 d.p.i., and that there was an inverse
correlation between Trim21 expression level and body weight, lending
support for the notion that early, heightened induction of TRIM21 is
associated with more severe disease in IAV-infected mice.

In addition, we characterized the molecular mechanism of TRIM21
regulation during IAV infection. Using eQTL mapping, we showed
Trim21 to be trans-regulated and identified 3 genomic regions on
chromosome 14 containing ~54 potential candidate regulators. By
analyzing the genomic expression data of 44 BXD RI lines and the
parental strains, we identified genes co-expressed with Trim21 and
constructed a genetic network. After ranking potential candidates with a
scoring system that took into consideration expression data, Trim21
correlation, regulation, and functional relevance, we came down to a
refined network comprising 15 highest-scoring genes. Within this
network, IL3RA and NR1D2 are implicated in the immune system and
inflammation. Based on their annotated roles and those described in
literature, we propose these genes interact with TRIM21 to modulate the
host’s responses to influenza that may impact disease susceptibility and
severity.

IL3RA is a subunit of interleukin receptor 3 (IL-3). In the presence of
IFN beta (IFN-p), IL-3 leads to increased number of dendritic cells by
preventing their apoptosis (Buelens et al., 2002). The resulting
IL-3-IFN-$ dendritic cells produce large amounts of IFN-a (Buelens et al.,
2002). IFN-a stimulation up-regulates TRIM21 expression at the mRNA
level (Strandberg et al., 2008). However, our data revealed a negative
correlation (r=-0.5291) between IL3RA and TRIM21, which is

counterintuitive to the reported mechanism by which IL3RA enhances
TRIM21 expression. This may be reconciled by IL-3's role in amplifying
inflammation. Studies found IL-3 to cause flu-like side effects including
fever when used in cancer treatment (Gerhartz et al., 1996). Perhaps
IL-3 signaling is suppressed as a part of the body’s protective response to
avoid septic shock, as blocking IL-3 was found to reduce sepsis-induced
mortality in mice (Weber et al., 2015).

NR1D2 is involved in the regulation of the circadian rhythm, which
affects mental, physical, and behavioral aspects of mammals throughout
the day, among which includes regulatory mechanisms of the immune
system. Deletion of Nrld2 has been found to up-regulate Bmall
expression (Ikeda et al., 2019), which suppresses pro-inflammatory cy-
tokines TNF-a and IL-6 (Oishi et al., 2017). Our data found positive
correlation (r = 0.3596) between NR1D2 and TRIM21, which supports a
role for NR1D2 in IAV infection, but its relationship with TRIM21 is
unclear. Previous research has indicated that toll-like receptors (TLR)
are expressed rhythmically depending on the circadian clock (Baxter
and Ray, 2020). TRIM21 activation by tyrosine phosphorylation was
found to occur after TLR3 and TLR4 stimulation (Stacey et al., 2012). It
is possible that TRIM21 is regulated downstream of TLR3 and TLR4,
which are expressed based on the circadian cycle governed by NR1D2.

Our pathway enrichment analysis resulted in six signaling pathways
relevant to IAV infection: TLR (Lee et al., 2013), IL-17 (Crowe et al.,
2009), TNF (Salomon et al., 2007), C-type lectin receptor (Pal-
omino-Segura et al., 2019), NF-kB (Bergmann and Elbahesh, 2019), and
RLR (Ichinohe, 2010). Of these, NF-kB and RLR pathways were pre-
dicted to be regulated by TRIM21. siRNA depletion of TRIM21 in
adenovirus type 5-infected human lung fibroblasts led to significantly
diminished NF-kB expression and antiviral response (McEwan et al.,
2013). Loss of TRIM21 also resulted in delayed immune response in cells
infected with adenovirus and rhinovirus (Watkinson et al., 2015).
TRIM21 targets IRF7, a master regulator of IFN-a production, for ubig-
uitination and proteasomal degradation during Sendai virus infection
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2) for the indicated times. Data are representative of three independent experiments. Note that

at 17 h.p.i., a breakdown product of IFIH1 protein (marked by diamond) was also detected and more so in shT21 cells (lane 6) than in control A549 (lane 3). Numbers
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(Young et al., 2011). However, data on its effect on IRF3 and associated
downstream events have been contradictory (reviewed in (Jones et al.,
2021)). Moreover, whether TRIM21 affects these signaling pathways in
the context of IAV infection is unclear. Given that IAV infection is pre-
dominantly sensed by RIG-I (a.k.a., DDX58) in epithelial cells, fibro-
blasts, and conventional dendritic cells (Kato et al., 2006), we strived to
determine whether TRIM21 may impact RLR-mediated innate immune
mechanisms against the virus. Our loss-of-function experiments in
cultured human lung epithelial A549 cells based on RNAi depletion
approach demonstrated that endogenously expressed TRIM21 nega-
tively regulates IAV-induced expression of key antiviral cytokines
(IFNB1 and IFNL1) and inflammatory chemokines (CCL5 and CXCL10),
all of which hinge on coordinated activation of IRF3 and NF-kB tran-
scription factors (Honda et al., 2005; Onoguchi et al., 2007; Genin et al.,
2000; Brownell et al., 2014). This also holds true when it comes to in-
duction of well-characterized antiviral ISGs including IFIT1, IFIT3,
DDX58, and IFIH1, as supported by our data. Importantly, the height-
ened IFN response phenotype after TRIM21 depletion was corroborated
at the protein level, as determined by IFN production in culture super-
natants and intracellular expression of ISG proteins. Precisely how
TRIM21 puts a check on RIG-I signaling that culminates in induction of
these key genes as part of the innate immune responses to IAV infection
will require further study.

While the focus of our study was on the impact of TRIM21 on host
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responses to IAV, we did observe TRIM21 depletion was associated with
a moderate reduction in replication (as gauged by HA mRNA produc-
tion) of IAV 1-126 TX/98, an H3N2 virus, in A549 cells (Fig. 7). Inter-
estingly, Ouyang et al. observed knockdown of TRIM21 decreased IAV
PR8 (an H1N1 virus) titers in infected A549 cells when they investigated
how N-myc and STAT interactor (NMI) facilitated IAV infection (Ouyang
et al., 2021). These authors reported overexpression of NMI led to IRF7
polyubiquitination and subsequent proteosomal degradation, an effect
partially reversed by TRIM21 knockdown. Their study, however, did not
examine if silencing TRIM21 affected cellular innate immune responses
to IAV infection. Given that TRIM21 participates in IAV-induced auto-
phagy (Sparrer et al., 2017), a catabolic pathway that is proviral for IAV
(Zhou et al., 2009), it remains to be determined regarding the precise
mechanism(s) by which TRIM21 supports IAV infection, i.e., how much
it pertains to the protein’s activity in promoting autophagy and to what
extent it involves the negative regulation of innate antiviral responses.
Surprisingly and currently not understood, contrary to our finding in
this study and that of Ouyang et al. (Ouyang et al., 2021), Lin et al.
recently reported TRIM21 exerted antiviral effects against IAVs of
H3/H5/H9 subtypes but not those of H1/H7 subtypes (Lin et al., 2023).
Future studies are needed to address whether this discrepancy stems
from different viral strains tested or perhaps differences in experimental
conditions.

The three pathways having the highest percentage of genes with
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significant difference in expression between IAV-infected and mock-
infected mice were the TLRs, TNF, and COVID-19. TLRs are expressed
by many different cell types that occupy or patrol the lungs and their
recognition of various viral pathogen-associated molecular patterns can
modulate the early innate immune responses, thereby impacting disease
outcomes (Lester and Li, 2014). Three TLRs are known to engage with
and be activated during IAV infection: TLR3, TLR7 and TLR8 (Guillot
et al., 2005; Zhao et al., 2012). In line with this, intranasal pretreatment
of mice with poly(I:C), a TLR3 agonist, and to lesser degrees, TLR9,
TLR7/8, or TLR4 agonists, was shown to protect animals against lethal
IAV challenge and reduce viral loads and lung pathology (Zhao et al.,
2012). In neutrophils, TLR7 and TLRS8 interactions with IAV RNA is
necessary for proinflammatory cytokine production (Wang et al., 2008).
TLR3 also is activated during IAV infection, although conflicting data,
dependent on infection settings, have been reported, documenting
either an antiviral protective role or a deleterious, proinflammatory one
(Perales-Linares and Navas-Martin, 2013). Interestingly, there is a direct
link between TLR3 and TLR4 stimulation and TRIM21 phosphorylation
(Stacey et al., 2012). TNF has also been implicated in IAV infection. This
NF-kB-dependent inflammatory cytokine is markedly upregulated in
cultured cells and in mouse lungs following IAV infection. TNF pre-
treatment exerted potent antiviral activity against IAV in porcine lung
epithelial cell cultures (Seo and Webster, 2002). However, it failed to do
so in mice (Zhao et al., 2012), suggesting TNF mainly plays a proin-
flammatory role in vivo. Notably, TNF has also been shown to be
regulated by TRIM21. Infection by mouse adenovirus resulted in a
50-fold increase of TNFa expression in wild-type cells but did not have a
significant effect in Trim21 knockout mice (Watkinson et al., 2013).
Given some shared aspects of host innate immunity against IAV and
SARS coronavirus (Zhao et al., 2012), it was not a total surprise that the
coronavirus response pathway was among those emerged from our an-
alyses - a majority of genes with a significant FDR difference between
infected and mock infected groups (Ifihl, Oaslb, Statl, Ccll2, Mx2,
Stat2, Ddx58, Oas2, C3, Irf9, Ikbke) were also involved in the Influenza-A
pathway. The exceptions were Cybb and C2. Cybb is a component of
microbicidal phagocyte NADPH oxidase, while C2 encodes the C2 pro-
tein which forms a part of the complement system and is associated with
autoimmune diseases. Absence of Cybb has been found to increase viral
clearance and lung function and reduce lung damage (Snelgrove et al.,
2006), but it is unknown whether C2 is linked to influenza pathogenesis.
Since neither of these genes has been found to regulate TRIM21, we
favor the hypothesis that the TLR pathway is most likely involved in the
regulation of TRIM21 in the context of IAV infection.

In summary, our study suggests a TRIM21-associated gene network
participates in modulating pulmonary innate immune responses to and
pathogenesis of IAV in mice. Additionally, we demonstrate that TRIM21
negatively impacts the induction of key antiviral and inflammatory
genes via the RLR pathway in a human airway epithelial cell culture
model of IAV infection.

4.1. Limitations of this study

We have experimentally verified a negatively regulatory role of
TRIM21 in innate immune responses to IAV in a human alveolar
epithelial cancer cell line A549 challenged by an H3N2 subtype of IAV,
as suggested by computational modeling of body weight and lung
transcriptome data from mice infected with IAV-PR8M (a mouse
adapted PR8 virus of HIN1 subtype). How much this is the case with
other IAV subtypes (or even strains) will require further study. It should
also be noted that the early host responses to IAV in vivo are complex
and may be differently regulated by TRIM21 across cell types, and that
influenza susceptibility/severity is a net result of the cross-talks and
interactions among different cell types and signaling pathways.
Outstanding is the question of to what extent the TRIM21 axis contrib-
utes to regulating the balance between protective antiviral host re-
sponses reining in IAV replication and harmful inflammatory reactions
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exacerbating pathological changes. Thus, future studies in TRIM21-
deficient animal models are warranted to clarify the exact physiolog-
ical impact of this protein and its co-regulators on IAV-host interactions
and disease outcome.
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