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Summary
Background Highly pathogenic respiratory RNA viruses such as SARS-CoV-2 and its associated syndrome COVID-19
pose a tremendous threat to the global public health. Innate immune responses to SARS-CoV-2 depend mainly upon
the NF-κB-mediated inflammation. Identifying unknown host factors driving the NF-κB activation and inflammation
is crucial for the development of immune intervention strategies.

Methods Published single-cell RNA sequencing (scRNA-seq) data was used to analyze the differential transcriptome
profiles of bronchoalveolar lavage (BAL) cells between healthy individuals (n = 27) and patients with severe COVID-19
(n = 21), as well as the differential transcriptome profiles of peripheral blood mononuclear cells (PBMCs) between
healthy individuals (n = 22) and severely ill patients with COVID-19 (n = 45) or influenza (n = 16). Loss-of-
function and gain-of-function assays were performed in diverse viruses-infected cells and male mice models to
identify the role of TOMM34 in antiviral innate immunity.

Findings TOMM34, together with a list of genes encoding pro-inflammatory cytokines and antiviral immune proteins,
was transcriptionally upregulated in circulating monocytes, lung epithelium and innate immune cells from
individuals with severe COVID-19 or influenza. Deficiency of TOMM34/Tomm34 significantly impaired the type I
interferon responses and NF-κB-mediated inflammation in various human/murine cell lines, murine bone
marrow-derived macrophages (BMDMs) and in vivo. Mechanistically, TOMM34 recruits TRAF6 to facilitate the
K63-linked polyubiquitination of NEMO upon viral infection, thus promoting the downstream NF-κB activation.

Interpretation In this study, viral induction of TOMM34 is positively correlated with the hyperinflammation in
severely ill patients with COVID-19 and influenza. Our findings also highlight the physiological role of TOMM34 in
the innate antiviral signallings.

Funding A full list of funding sources can be found in the acknowledgements section.

Copyright© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).
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Introduction
In the last two decades, global public health has been
facing a grave challenge from three highly pathogenic
coronaviruses and their associated syndromes: severe
acute respiratory syndrome (SARS) in 2002, Middle East
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respiratory syndrome (MERS) in 2012, and the corona-
virus disease 2019 (COVID-19) that takes away millions
of human lives. As most RNA virus, the COVID-19
causative agent SARS Coronavirus 2 (SARS-CoV-2)
constantly mutates to generate circulating variants of
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Research in context

Evidence before this study
COVID-19, caused by SARS-CoV-2, has taken away millions of
human life worldwide in the past four years. Although WHO
announced that COVID-19 no longer constitutes a Public
Health Emergency of International Concern on May 5th 2023,
we are still facing continuous threats from circulating variants
of SARS-CoV-2 such as Omicron JN.1, as well as from other
endemic respiratory RNA viruses such as Influenza A virus
(IAV) and Respiratory syncytial virus (RSV). Severely ill
patients with COVID-19 often undergo the respiratory distress
syndrome (ARDS), and long-termly suffer from the post-acute
COVID-19 syndrome (PACS) even after recovery, in which the
virus-triggered inflammation plays a key role. Therefore,
fundamental understanding of the antiviral signal
transduction driving inflammation is critical for developing
immune therapeutic intervention strategies.

Added value of this study
This work supported by the clinical, physiological and
mechanistic data: (i) establish a correlation between viral

induction of TOMM34 and the hyperinflammatory state in
severely ill patients with COVID-19 and influenza; (ii) highlight
the physiological significance of TOMM34 in the innate
immune responses to RNA viruses; (iii) characterise the
TRAF6-TOMM34-NEMO axis that is pivotal for the activation
of NF-κB.

Implications of all the available evidence
TOMM34 is suggested to function as a double-edged sword
in innate immunity: During the early phase of viral infection,
the presence of TOMM34 ensures that the antiviral innate
immune signalling is well facilitated to eliminate viruses; the
induction of TOMM34 promotes the overactivation of NF-κB
and excessive production of pro-inflammatory cytokines/
chemokines, resulting in the cytokine storm syndrome at the
late stage of diseases. Our studies thus establish TOMM34 as
a valuable candidate protein for further investigation as an
immune therapeutic target against viral infectious diseases
and following inflammatory syndromes.
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concern (VOCs) such as Omicron JN.1, thus eluding the
current vaccines and treatments. Notably, SARS-CoV-2
and its low pathogenic counterparts (human endemic
coronaviruses HCoV-OC43/NL63/229E, etc.) often
activate shared cellular pathways and exploit common
processes in their life cycles. Therefore, the host pro-
teins involved in viral immunopathogenesis are poten-
tial targets of antivirals with a broad-spectrum activity
against coronaviruses.

Innate immunity acts as the first line of host defense
against viruses. Following the cell entry by surface re-
ceptors, respiratory RNA viruses such as SARS-CoV-2,
IAV and RSV release their genomic RNA that activate
the cytosolic RNA sensors RIG-I and MDA5.1–5 MAVS
(also called VISA, IPS-1 or Cardif), an adaptor protein
located at mitochondria, is subsequently triggered by
RIG-I/MDA5 to aggregate and form a signalsome with
multiple ubiquitin E3 ligases TRAF2/5/3/6, leading to
the downstream activation and nuclear translocation of
two master transcription factors NF-κB and IRF3.6–9 In
the nucleus, the transcription of pro-inflammatory cy-
tokines and chemokines (TNF-α, IL-1β, IL-6, IL-18,
RANTES/CCL5, IP-10/CXCL10, MCP-1/CCL2, etc.) are
stimulated by NF-κB, while type I interferons (IFN-α/β)
are expressed under the collaboration of NF-κB and
IRF3.10–12 Inflammatory responses such as the NLRP3
inflammasome-mediated cell death pyroptosis, together
with the effects of numerous IFN-stimulated genes
(ISGs) are eventually induced to establish a robust
antiviral state.13 It should be noticed that the spike and
envelope protein of beta-coronaviruses can activate the
membrane toll-like receptor TLR4-/TLR2-related sig-
nalling in macrophages, respectively, thereby inducing
the pro-inflammatory cytokines expression.14,15 Howev-
er, innate immune response is a double-edged sword in
the host-virus arms race. Excessive activation of antiviral
signalling and dysregulated release of inflammatory
agents (e.g., IL-6, TNF-α, and CCL2) could result in the
cytokine storm syndrome (CSS), a hallmark of severely
ill patients with COVID-19 and other infectious dis-
eases.16 Growing evidences show that the SARS-CoV-2-
infected monocytes and tissue-resident macrophages
undergo inflammasome activation together with pyrop-
tosis, which mainly contributes to the systemic hyper-
inflammation in COVID-19 pathogenesis.17,18 Even after
recovery, a considerable number of severely ill patients
with COVID-19 indeed suffer from chronic sustained
inflammation, which might be attributed to the IL-6-
driving epigenetic memory in circulating hematopoiet-
ic stem and progenitor cells (HSPCs) and their progeny
myeloid cells.19 For developing the immune intervention
strategies, it is imperative to fundamentally understand
the antiviral signal transduction driving the NF-κB
activation and downstream inflammatory responses.

IκB kinase gamma (IKKγ) is a key regulatory subunit
of the IKK complex (IKKα/β/γ) responsible for the NF-
κB activation, and thus is also designated as NF-κB
essential modulator (NEMO). Upon stimulation with
viruses or lipopolysaccharide (LPS), NEMO is conju-
gated to the K63-linked ubiquitin chains by E3 ligase
TRAF6, allowing TAK1 to phosphorylate and activate the
catalytic subunits IKKα/β.20 The IKK complex then
promotes the ubiquitin-proteasome degradation of
IκBα, which releases NF-κB and facilitates its nuclear
translocation for the further transcription of target
genes related to immune responses.21 Lacking of NEMO
www.thelancet.com Vol 108 October, 2024
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disrupts the activation of IKK complex and NF-κB in vivo
and in cells under certain stimulation.22–24 Owing to its
physiological significance in the antiviral immune sig-
nalling, NEMO has emerged as an ideal target of virus
for countering the host innate immunity. Our group
previously demonstrated that SARS-CoV-2 ORF9b
antagonises the antiviral IFN and NF-κB signallings by
interrupting the K63-linked ubiquitination of NEMO.1

Besides, SARS-CoV-2 3CLpro can cleave NEMO to
suppress the innate immune response.25 NEMO was
also reported as the cleavage substrate of Hepatitis A
virus 3C protease to dampen the IFN-β induction.26

Muscolino et al. revealed that Herpesvirus induces the
autophagic degradation of NEMO for its immune
evasion.27 However, little is known about the host pro-
teins which positively regulate the activation of NEMO
and downstream signalling.

Mitochondria provide a platform for the antiviral
signal transduction and host-virus interplay. A consid-
erable amount of innate immune signalling compo-
nents/regulators such as MAVS, NLRX1, USP18 and
MFN1, are located at mitochondria and hijacked by vi-
ruses for immune evasion.28–31 Translocase of the outer
mitochondrial membrane (TOMM) is a multimeric
protein complex accountable for initial recognition and
import of mitochondrial preproteins from the
cytosol.32,33 Members of the TOMM family such as
TOMM6, TOMM20, TOMM34, TOMM40 and
TOMM70, were previously found to be associated with
the Hsp70/Hsp90 chaperone complex, cancer progres-
sion, immune regulation and other processes.34–39

TOMM70 is the first TOMM protein identified as an
innate immune regulator by linking MAVS to the
TBK1/IRF3 signalling cascade.40 Recently, TOMM70
was reported to be sequestered by SARS-CoV-2 ORF9b
for viral evasion of the IFN antiviral response.41,42 In
addition to TOMM70, whether other TOMM proteins
are involved in antiviral innate immunity remains to be
elucidated. In this study, we analyzed the differential
transcriptome profiles of BAL cells and PBMCs from
healthy individuals and patients infected by SARS-CoV-
2 or PBMCs from healthy individuals and patients
infected by influenza viruses. We uncovered a positive
correlation between the viral induction of TOMM34 and
the elevation of pro-inflammatory cytokines/chemo-
kines in severely ill patients with COVID-19 or influ-
enza. Using infected cells and mice models, we further
revealed a distinct role of TOMM34 from TOMM70 in
facilitating the innate immune responses to diverse
RNA viruses, and finally dissected the underlying
mechanism. Our study thus identifies TOMM34 as a
key signalling modulator of antiviral innate immunity,
and provides fundamental insights into the aberrant
expression of inflammatory agents in severely ill pa-
tients with COVID-19 and other viral infectious
diseases.
www.thelancet.com Vol 108 October, 2024
Methods
Cell cultures and viral strains
A549-ACE2 (A549 cells stably expressing ACE2), Caco-2-
N (Caco-2 cells stably expressing SARS-CoV-2 nucleo-
capsid protein),43 THP-1, HEK293T, A549, HeLa, NIH/
3T3 cell lines were cultured in DMEM or RPMI 1640
(Thermo Fisher Scientific, USA) supplemented with
10% fetal bovine serum (FBS; Thermo Fisher Scientific,
USA) and 1% penicillin-streptomycin (solarbio, China).
All cells were mycoplasma-free and incubated at 37 ◦C
in a 5% CO2 humidified atmosphere. Cells were tran-
siently transfected with respective plasmids or poly(I:C)
using lipofectamine 3000 (Thermo Fisher Scientific,
USA) or Hieff Trans™ Liposomal Transfection Reagent
(Yeasen Biotechnology, China) according to the manu-
facturers’ instructions. The resources of cell lines and
reagents used in this work can be found in
Supplementary Table S1.

The SARS-CoV-2 strain 2019-nCoV WIV04 was iso-
lated from the BAL of a confirmed patient with COVID-
19 by inoculating onto Vero E6 cells.44 The transcription
and replication-competent SARS-CoV-2 virus-like-
particles (SARS-CoV-2 trVLP), which can be manipu-
lated in a BSL-2 laboratory,43 was a kind gift from Prof.
Qiang Ding (Tsinghua University). The IAV strain A/
Puerto Rico/8/1934 (H1N1; PR8) and its recombinant
virus PR8-GFP were generously gifted from Dr. Shaobo
Wang (Guangzhou National Laboratory) and Prof. Rui-
kun Du (Shandong University of Traditional Chinese
Medicine, using the same construction strategy as
described45), respectively. The RSV strain A-0594 was
obtained from Dr. Martin Ludlow (University of Veter-
inary Medicine Hannover); while Sendai virus (SeV,
Cantell strain), vesicular stomatitis virus (VSV) and its
recombinant virus VSV-DM51-GFP were obtained from
Dr. Lei-Ke Zhang (Wuhan Institute of Virology, Chinese
Academy of Sciences). See also Supplementary
Table S1.

Mice
Lyz2-Cre mice on the C57BL/6 background were pur-
chased from Shanghai Research Center for Model Or-
ganisms. Tomm34fl/fl mice were generated using the
CRISPR-Cas9 system and constructed by Shanghai
Research Center for Model Organisms. Two loxP se-
quences were inserted in the introns flanked with the
exon 2 of Tomm34. Tomm34fl/fl Lyz2-Cre mice were
generated by crossing the Lyz2-Cremice with Tomm34fl/fl

mice for specific deletion of Tomm34 in myeloid cells. All
mice were kept and bred in a specific pathogen-free (SPF)
facility at Zhejiang University of Technology with a 12 h
light/12 h dark cycle. All animal experiments were un-
dertaken in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Ani-
mals with approval of the Animal Care and Use Com-
mittee at Zhejiang University of Technology.
3
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Plasmids
Human complementary DNA was amplified from total
RNA extracted from HEK293T cells using HyperScript
III 1st Strand cDNA Synthesis Kit (EnzyArtisan). Full-
length TOMM6, TOMM20, TOMM34, TOMM40,
TOMM70 and TRAF6 were cloned from Human cDNA
and then inserted into pcDNA3.1-HA expression vector.
HA-ubiquitin-WT, K63, K48 were gifted from Prof. Di
Wang (Zhejiang University School of Medicine). HA-
ubiquitin-K63R and K48R were purchased from Miaol-
ing Biotechnology (China). The Flag-tagged RIG-I,
MAVS, TBK1, IRF3, IKK-β, and NEMO expression
plasmids have been described previously.1 The HA-
tagged TOMM34 constructs, including TOMM34-Δ1-
GFP, TOMM34-Δ2-GFP, TOMM34-Δ3-GFP,
TOMM34(S93/16A), were generated from full length
TOMM34 using overlapping PCR or recombinant
cloning kit. All constructs were confirmed by DNA
sequencing. Primers used in this study are listed in
Supplementary Table S2.

Virus infection
Cells were seeded in 12-well plates at a density of
4 × 105 cells/well, and were incubated with SARS-CoV-2
(multiplicity of infection, MOI = 0.4), SARS-CoV-2
trVLP (MOI = 0.1), PR8/PR8-GFP (MOI = 1), RSV
(MOI = 1), VSV/VSV-DM51-GFP (MOI = 0.1), or SeV
(20 HA units/mL) for the indicated hours. For mice
infection, age-matched male Tomm34fl/fl and Tomm34fl/
fl Lyz2-Cre littermates were intraperitoneally injected
with VSV (1 × 108 PFU per mouse) or infected with PR8
(50 PFU per mouse) by intranasal administration,
respectively. Male mice were used since sex differences
in the innate antiviral responses measured are negli-
gible in this study. The weight and the survival of ani-
mals were monitored daily. After VSV infection for 24 h,
the mice were euthanized by CO2 and the lungs,
spleens, livers and sera were collected; while the lungs
and BAL were collected at 72 h after PR8 infection.

Plaque assay
The tissue homogenates from infected Tomm34fl/fl and
Tomm34fl/fl Lyz2-Cre mice were used to infect mono-
layers of Vero cells. 1 h later, the homogenates were
removed, and infected Vero cells were washed with PBS
followed by incubation with DMEM containing
2% methylcellulose for 48 h. The cells were fixed with
4% paraformaldehyde for 15 min and stained with 1%
crystal violet for 30 min before counting the plaques.

Immunofluorescence microscopy
For examining VSV and PR8 proliferation, cells were
infected with VSV-GFP or PR8-GFP. At the indicated
time after infection, fluorescence images were taken by
OLYMPUS CKX53 microscope.

For determining the cellular localization of TOMM34,
HeLa cells were transfected with HA-TOMM34 for 24 h,
and were then mock-infected or infected with SeV for
12 h. Cells were then incubated with 200 nM Mito
Tracker Red (Thermo Fisher Scientific). For cellular
colocalization of TOMM34 with NEMO, HeLa cells were
transfected with plasmid expressing HA-TOMM34 and
Flag-NEMO for 24 h. After being washed with PBS and
fixed by 4% paraformaldehyde, cells were permeabilised
by 0.2% Triton X-100 and then labeled with DAPI for
5 min. Fluorescence images were taken by ZEISS LSM
800 confocol microscope.

For detecting the translocation of NF-κB/p65,
Tomm34−/− and wild type NIH/3T3 cells were seeded on
coverslips in a 24-well dish. SeV-infected group cells
were infected with SeV (20 HA units/mL) for 12 h. After
being washed with PBS and fixed by 4% para-
formaldehyde, cells were stained with anti-p65 antibody
(1:50) and Alexa Fluor 488 Conjugated secondary anti-
body (1:150). Nucleus was labeled with DAPI for 5 min.
Fluorescence images were taken by OLYMPUS FV3000
confocol microscope.

Immunoprecipitations and immunoblotting
analysis
Constructs were transfected into HEK293T cells for
36 h with or without VSV infection. After transfection,
cells were harvested and lysed in RIPA lysis buffer
(Beyotime, China). After a brief centrifugation, the ly-
sates were immunoprecipitated with anti-HA agarose
beads, anti-Flag agarose beads or protein A/G beads
with indicated antibodies at 4 ◦C overnight, and the
precipitants were washed three times with lysis buffer
at 4 ◦C. The extract-bead mixture was then resus-
pended in SDS loading buffer. The precipitants or
whole cell lysates were fractionated by SDS-PAGE and
transferred to a PVDF membrane. Subsequent
immunoblotting analysis was performed with indi-
cated antibodies.

Generation of TOMM34 knockout cell lines
HEK293T TOMM34−/−, A549 TOMM34−/− and NIH/
3T3 Tomm34−/− cell lines were generated using the
CRISPR/Cas9 system.46 Briefly, the guide RNA se-
quences were cloned into CRISPR/Cas9-based vectors
which are puromycin-resistant. Then, the vectors were
transfected into HEK293T cells, A549 cells and NIH/
3T3 cells by lipofectamine 3000. After puromycin se-
lection, single colonies were picked and verified by
genome sequencing and immunoblotting. Oligonucle-
otides are listed in Supplementary Table S2.

RNA interfering
All siRNA duplexes were obtained from RIBOBIO Co.,
Ltd. (China). In brief, HEK293T cells were seeded in 12-
well plates and transfected with siRNA duplexes using
lipofectamine 3000. At 36 h post transfection, cells were
collected for the following assays. Oligonucleotides are
listed in Supplementary Table S2.
www.thelancet.com Vol 108 October, 2024
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Dual-luciferase reporter assays
HEK293T cells were seeded in 12-well plates and
transfected with TOMM34 expressing vector or empty
vector (EV), together with 100 ng luciferase reporter
plasmid and 20 ng Renilla luciferase plasmid pRL-TK.
At 24 h post-transfection, cells were transfected with
2 mg/mL poly(I:C), or infected with VSV for 12 h.
Following the manufacturer’s instructions for Dual-
Luciferase reporter gene assay kit (Yeasen Biotech-
nology, China), cell lysates were obtained to measure the
luciferase activity by BioTek Synergy H1.

Quantitative real-time PCR
Total RNA was extracted from cells or tissues using
TRIzol (Tiangen Biotech Co., China), and reverse-
transcribed with HyperScript III RT SuperMix for
qPCR with gDNA Remover (EnzyArtisan, China).
Reverse transcription products of different samples
were amplified by StepOne Real-Time PCR system
(Applied Biosystems, USA) using 2 × S6 Universal
SYBR qPCR mix (EnzyArtisan, Shanghai, China) ac-
cording to the manufacturer’s instruction. Data were
normalized by the internal control GAPDH (for Human
genes examination) or Actin (for Murine genes exami-
nation) expression and 2−ΔΔCt method was used to
calculate relative expression changes. Sequences of the
primers used for qRT-PCR are shown in Supplementary
Table S2.

ELISA
Secreted cytokines in cell culture supernatants, sera,
BAL or lung homogenates from virus-infected mice
were analyzed using mouse IFN-β, IFN-α, IL-6 and
CCL2 ELISA kits (Thermo Fisher Scientific, USA) ac-
cording to the manufacture’s instruction.

Flow cytometry analysis
After infected with VSV-GFP or PR8-GFP at the indi-
cated time, cells were collected and re-suspended in
PBS. Flow cytometry data were acquired on CytoFLEX S
(Beckman Coulter, USA).

Single-cell RNA sequencing data analysis
Publicly available scRNA-seq data of BAL containing 51
samples were acquired from the Gene Expression
Omnibus (GEO) database (GSE128033, GSE145926,
GSE151928, GSE155249, GSE183974, and GSE197440),
which encompassed 21 severely ill patients with
COVID-19, 3 mildly ill patients with COVID-19 and 27
healthy controls. Publicly available scRNA-seq data of
blood containing 83 samples were also acquired from
the GEO database (GSE174072, GSE192391,
GSE166992, GSE178404, and GSE149689) which
encompassed 45 severely ill patients with COVID-19, 16
severely ill patients with influenza, and 22 healthy
controls.
www.thelancet.com Vol 108 October, 2024
All databases were split according to the samples and
filtered with the parameter of ‘subset = nCount_RNA
>200’ by the function of ‘subset’ provided by Seurat (v4).
Then the ‘chord’ function provided by ‘chord’ package
was utilized to eliminate cells identified as potential
doublets from the analysis. The function of ‘Percenta-
geFeatureSet’ was used to calculate the percentage of all
the counts belonging to mitochondrial genes for each
cell and only cells that satisfy the criteria of having more
than 500 RNA features, over 1000 RNA counts, and a
mitochondrial content of less than 30% were retained
for further analysis. All filtered data were normalized
and scaled by using ‘NormalizeDate’ and ‘ScaleData’
function provided by Seurat (v5) toolkit with default
parameters. Principal component analysis (PCA) was
performed on the integrated expression profile with 50
principal components by using the ‘RunPCA()’ function
with dafault parameters. To compare the differences
accross different groups of patients, the gene expression
profiles of all samples were integrated by using the
‘Harmony’ function provided by Seurat (v5) and
‘RunBBKNN’ function providerd by “bbknnR” with
default parameters. After integration, data were per-
formed the function of ‘FindNeighbors’ with the pa-
rameters of ‘dims = 1:40’ which meant that the number
of PCs was set to use the top 40 PCs in 50 PCs with
more than 80% of explained variance. Then we used the
‘RunTSNE’ and ‘RunUMAP’ function to display and
separate different cell clusters with the parameter of
‘dims = 1:40’.

Cell type of each cluster was annotated if it expresses
known lineage markers. Lineage markers in blood
samples included the following: cDCs, expression of
(‘CLEC9A’, ‘LAMP3’, ‘CLEC10A’), megakaryocytes
(‘CMTM5’, ‘PF4’), monocytes (‘CD14’, ‘CD68’), neutro-
phils (‘CXCR2’, ‘FCGR3B’). Lineage markers in balf
samples included the following: cDCs, expression of
(‘CLEC9A’, ‘LAMP3’, ‘CLEC10A’), Mo-macrophages
(‘CD14’), alveolar macrophages (‘FABP4’), B cells
(‘CD79A’), T cells (‘CD3D’), secretory cells (‘MUC5B’),
and ciliated cells (‘FOXJ1’).

After cell annotation, individual cells from each
sample were aggregated to form a composite pseudocell,
designed to encapsulate the characteristic gene expres-
sion patterns of the specific cell type within the sample.
The analytical process entailed two primary steps:
Initially, cells were grouped based on their similarity,
and the gene expression profiles were organized alpha-
betically by the gene names present across all selected
cells. Subsequently, the aggregate gene expression
values were determined, normalized by dividing the
total gene expression counts and multiplying the result
by one million. For detecting and filtering the batch
effect among different databases, the pseudocells we
obtained in the previous step were performed the
function of ‘NormalizeData’, ‘FindVariableFeatures’,
5
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‘ScaleData’, ‘RunPCA’, ‘FindNeighbors’, ‘FindClusters’
provided by Seurat(v5) with dafault parameters, and
‘RunUMAP’. The outcome of UMAP analysis was used
to judge the batch effect in different projects. If the
sample’s distribution was effected by the batch effect,
we will use the function of “removeBatchEffect” pro-
vided by “limma” to remove the batch effect.

The differentially expressed genes between HC
group and COVID-19 group in each pesudocell were
identified by ‘DESeq2’ and the GO enrichment analysis
of these genes. The ‘UpSetR’ package facilitated the
visualization of gene overlap across all cell types,
providing a comprehensive view of shared genetic
elements.

Correlation and function enrichment analysis
The spearman correlation analysis was used to identify
the correlation between the gene expression value of
TOMM34 and other genes, and TOMM34-related genes
were filtered by P < 0.05 and correlation value > 0.6.
The TOMM34-related genes from BAL samples were
screened and the GO enrichment analysis of these
genes in each subtype was analyzed through ‘enrichGO’
function provided by ‘clusterprofiler’ package. The cor-
relation between gene expression count of TOMM34
and indicated genes was analyzed by the ‘corrplot’
package.

Virus biological safety levels
All experiments with SeV, VSV, IAV, RSV, and SARS-
CoV-2 trVLP were conducted in class 2 microbiology
safety cabinets in BSL-2 laboratories. All experiments
with SARS-CoV-2 were conducted in a class 1 microbi-
ology safety cabinet in a BSL-3 laboratory of Guangzhou
Customs District Technology Center.

Ethics
All the mouse experiments were approved
(20230703023) and performed according to a protocol
approved by the Animal Care and Use Committee
(IACUC) of the Institute of Zhejiang University of
Technology.

Statistics
For analyzing the gene expression using published
scRNA-seq data, the Wilcoxon rank-sum test was used.
In details, cells from different samples were integrated
according to the same cell types. The pseudo bulk data
was constructed by summing up the gene expression
levels and taking the average value to summarize the
gene expression differences for each state. When
comparing the mean gene expression level of each state,
samples with fewer than 10 cells in that particular
subgroup were excluded from the analysis for removing
the bias caused by single cell sequencing methods and
cell annotation. The Wilcoxon rank-sum test was used to
analyze whether the differences between non-normally
distributed variables or normally distributed variables,
judged by the function of “shapiro.test” in R which can
perform normality assumption, are statistically signifi-
cant and the var.test function in R is indeed utilized for
testing the homogeneity of variances among groups.

For analyzing the TOMM34 protein expression,
publicly available proteomic data of autopsy samples
from seven organs were obtained from the COVID-19
Proteome Database (COVIDpro). The Wilcoxon rank-
sum test was used to infer the statistical significance
of differences for each pair of groups.

For Survival analysis, Overall survival of mices which
TOMM34 was knocked out was compared with those
without treatment by using the Kaplan–Meier survival
curve analysis after performing the proportional haz-
ards(PH) analysis by ‘cox.zph’ with default parameters.
Statistical significance was assessed by log-rank test. Cox
proportional hazards regression was used to calculate
hazard rate with 95% confidence intervals by using
‘coxph’ with default parameters.

For qRT-PCR analysis, statistical significance be-
tween two groups was determined by unpaired two-
tailed Student’s t test using GraphPad Prism 8.

Role of funders
The funders played no roles in the study design, data
collection, data analysis, interpretation, or the writing of
the manuscript.
Results
Viral induction of TOMM34 is positively correlated
with the hyperinflammatory state in severely ill
patients with COVID-19 and influenza
In order to study the physiological roles of TOMM
proteins in antiviral innate immunity, we firstly exam-
ined if there were differential expressions of TOMM
genes in epithelium and innate immune cells from in-
dividuals with and without viral infectious diseases. To
this end, we analyzed the transcriptome profiles of BAL
cells from healthy individuals (HC, n = 26) and patients
with severe COVID-19 (COVID-19, n = 21) using pub-
lished single-cell RNA sequencing (scRNA-seq) data.47–52

Samples of BAL cells from individuals with mild
COVID-19 were not selected owing to insufficient
numbers. UMAP analysis identified seven major cell
types: alveolar macrophages, monocyte-derived macro-
phages (Mo-macrophages), classical dendritic cells
(cDCs), secretory cells, ciliated cells, T cells and B cells
(Fig. 1a). It was indicated that the distribution of sam-
ples from different datasets were clustered well by the
diseases state (Supplementary Fig. S1a). To study
the cellular innate immune response to SARS-CoV-2,
we conducted differential gene expression analysis in
innate immune cells (alveolar macrophages, Mo-
macrophages, cDCs) and epithelial cells (secretory cells
and ciliated cells) between HC group and COVID-19
www.thelancet.com Vol 108 October, 2024
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Fig. 1: TOMM34mRNA levels are elevated in severely ill patients with COVID-19 and influenza by viral stimulation. a) UMAP projection of
BAL cell types from healthy controls (HC, n = 26) and severe ill patients with COIVD-19 (COVID-19, n = 21) using published scRNA-seq data. b)
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group. It was discovered that 28,479 genes including
several TOMM genes were differentially expressed
(13,107 up and 15,372 down; P < 0.05, by DESeq2), and
258 genes were upregulated in all these five cell types of
COVID-19 group (Supplementary Fig. S1b). To provide
a more comprehensive view of the cellular responses,
we displayed the biological processes and pathways that
were enriched of those upregulated genes
(Supplementary Fig. S1c). TOMM70, a well-defined
positive regulator of antiviral innate immunity, was
found to be transcriptionally upregulated in analyzed
cells from COVID-19 group (Fig. 1b and Supplementary
Table S3). Compared with other TOMM genes,
TOMM34 exhibited the most significant induction
(≥1.5-fold, COVID-19 group versus HC group) in all
analyzed cell clusters, thus attracting our interest.
Further gene expression analysis confirmed the increase
of TOMM34 mRNA levels in innate immune cells and
epithelial cells from patients with COVID-19 (Fig. 1c
and Supplementary Table S3). On the other hand, we
uncovered that the genes expressionally correlated with
TOMM34 were enriched in multiple antivirus defense
pathways such as the type I IFN production and ca-
nonical NF-κB signalling (Supplementary Fig. S1d).
These results inspired us to speculate that TOMM34
might be involved in antiviral innate immunity.

Patients with severe COVID-19 commonly exhibit a
hyperinflammatory state that is featured by the excessive
induction of pro-inflammatory cytokines and chemo-
kines. Our study also manifested that IL1B, IL6, TNF
and ISG15 were markedly induced in alveolar macro-
phages and Mo-macrophages from individuals with se-
vere COVID-19 (Supplementary Fig. S1e and
Supplementary Table S3). Moreover, we discovered that
TOMM34 was expressionally correlated with a panel of
genes encoding the antiviral effectors and inflammatory
Heatmap illustrating the fold changes (COVID-19 group vs HC group) of TO
related power analysis are indicated in Supplementary Table S3. c) Violin
from HC group and COVID-19 group. The sample size and related power
correlation analysis of TOMM34 and the indicated genes encoding antiv
group and COVID-19 group. The shape of the ’ovals’ or ellipses is designe
values, and the lower left triangle represents the confidence intervals. A c
the value of zero. The 95% confidence intervals (CI) for significance are ma
Supplementary Table S4. The sample size and related power analysis are
TOMM34 protein levels in multiple organs from COVID-19 autopsy samp
power analysis are indicated in Supplementary Table S3. f) Boxplots show
from healthy controls and severely ill patients with COVID-19 or influ
Supplementary Fig. S2a. The sample size and related power analysis are
expressing ACE2) cells were mock-infected (Mock) or infected with SARS-C
was conducted to examine the relative TOMM34 mRNA levels. h) Caco-2
were mock-infected or infected with SARS-CoV-2 trVLP (MOI = 0.1) for t
relative TOMM34 mRNA levels. i) Primary murine BMDMs were mock-infe
12 h, or with PR8 (MOI = 1), SARS-CoV-2 trVLP (MOI = 0.1) and RSV (MOI
Tomm34 mRNA levels. j) THP-1-derived macrophages were mock-infected
or with PR8 (MOI = 1) for 24 h. qRT-PCR analysis was conducted to e
mean ± SD calculated from at least three independent experiments (g–j).
agents in analyzed Mo-macrophages, in which CCL2,
CCL8 and IL6 ranked the top three (Fig. 1d;
Supplementary Tables S3 and S4). In addition to the
transcription level, we analyzed the differential protein
level of TOMM34 in multiple organs from COVID-19
autopsy samples and non-COVID-19 control samples
using published proteomic data.53 The TOMM34 protein
was present at statistically higher levels in the lung and
the liver from COVID-19 autopsy samples than those
from control samples (Fig. 1e and Supplementary
Table S3). These findings together implied a tight
connection between TOMM34 and pulmonary hyper-
inflammation. To extended our observations, we
analyzed the differential expression of TOMM34 in
circulating myeloid cells from healthy controls (n = 22)
and severely ill patients with COVID-19 (n = 45) or
influenza (FLU; n = 16) using published PBMCs scRNA-
seq data.54–60 Four major myeloid cell types: megakar-
yocytes, monocytes, cDCs, and neutrophils were
identified by the UMAP analysis (Supplementary
Fig. S2a). Compared to HC group, the mRNA levels of
TOMM34 in circulating monocytes from both COVID-
19 group and FLU group were significantly elevated
(Fig. 1f and Supplementary Fig. S2b; Supplementary
Table S3). Meanwhile, TOMM34 had a strong expres-
sional correlation with the inflammatory genes such as
IL6 and CXCL2 in analyzed monocytes when comparing
FLU group and HC group (Supplementary Fig. S2c;
Supplementary Tables S3 and S4). These data further
supported our notion that TOMM34 plays a role in
antiviral innate immunity.

To explain the phenomenon that the transcription of
TOMM34 is upregulated in patients with viral infectious
diseases, we tested if cellular TOMM34 mRNA levels
would be increased following virus stimulation. As ex-
pected, infection of A549-ACE2 cells with SARS-CoV-2
MM genes expression in the indicated cell types. The sample size and
plot showing the mRNA levels of TOMM34 in the indicated cell types
analysis are indicated in Supplementary Table S3. d) Gene expression
iral effectors and inflammatory agents in Mo-macrophages from HC
d to represent the correlation. The upper right triangle displays the P
entral horizontal dashed line within the left lower triangle represents
rked by the upper and lower boundaries of the box plot, as shown in
indicated in Supplementary Table S3. e) Boxplots representing the
les and non-COVID-19 control samples. The sample size and related
ing the mRNA levels of TOMM34 in the indicated cell types of PBMCs
enza. The UMAP projection of PBMCs myeolid cells are shown in
indicated in Supplementary Table S3. g) A549-ACE2 (A549 stably
oV-2 (multiplicity of infection, MOI = 0.4) for 24 h. qRT-PCR analysis
-N cells (Caco-2 stably expressing SARS-CoV-2 nucleocapsid protein)
he indicated hours. qRT-PCR analysis was conducted to examine the
cted or infected with SeV (20 HA units/ml) and VSV (MOI = 0.1) for
= 1) for 24 h. qRT-PCR analysis was conducted to examine the relative
or infected with SeV (20 HA units/ml) and VSV (MOI = 0.1) for 12 h,
xamine the relative TOMM34 mRNA levels. Data are represented as
Wilcoxon rank-sum test (b, c, e, f), two-tailed Student’s t test (g–j).
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doubled the relative mRNA levels of TOMM34 in
comparison with those in mock-infected (Mock) cells
(Fig. 1g). We then used another SARS-CoV-2 infection
model, SARS-CoV-2 trVLP-infected Caco-2-N which can
be conducted in a Biological Safety Level 2 (BSL-2) lab-
oratory,43 and indeed observed a similar result (Fig. 1h).
Furthermore, myeloid cells such as primary murine
BMDMs and human THP-1-derived macrophages
were stimulated with diverse viruses to determine the
expression of TOMM34. In response to pathogenic
respiratory RNA viruses [SARS-CoV-2 trVLP, the IAV
strain A/Puerto Rico/8/1934 (H1N1; PR8), the RSV
strain A-0594] and experimental model RNA viruses
(Sendai virus, SeV; vesicular stomatitis virus, VSV), the
Tomm34/TOMM34 mRNA levels in BMDMs and THP-
1-derived macrophages were relatively increased (Fig. 1i
and j). In contrast, the treatment of THP-1 macrophages
with IFN-β, LPS or IL-4 cannot induce TOMM34
expression (Supplementary Fig. S2d). Altogether, our
data unveil a positive correlation between the viral in-
duction of TOMM34 and the excessive production of
inflammatory agents in severely ill patients with
COVID-19 and influenza.

TOMM34 facilitates virus-induced cytokines
expression
To examine whether TOMM34 is directly involved in the
innate immunity against RNA viruses, we determined
the effects of TOMM34 overexpression on the virally
induced activation of IFN-β promoter. It has been well-
defined that the RIG-I/MDA5 signalling governs the
innate immune responses to highly pathogenic RNA
viruses such as SARS-CoV-2, IAV and RSV, as well as
the experimental model RNA viruses VSV and SeV.
Since HEK293T cells are specifically equipped with
RIG-I/MDA5 but defect in the TLRs and cGAS-STING
pathways, we thus used HEK293T as a cell model here
for RNA viruses infection. Following the infection of
HEK293T with VSV, the IFN-β promoter-Luciferase
(IFN-β-Luc) activities were significantly enhanced upon
ectopic expression of TOMM34 or the IFN-β positive
regulator TOMM70 (Fig. 2a and Supplementary
Fig. S3a). Under the same conditions, however, over-
expression of other TOMM proteins such as TOMM6,
TOMM20 and TOMM40 had no obvious effects (Fig. 2a
and Supplementary Fig. S3a). We further confirmed the
positive effects of TOMM34 on the IFN-β-Luc activities
induced by a variety of stimuli such as SeV, PR8, RSV,
and the duplexed RNA mimic poly(I:C) (Fig. 2b).
Moreover, the virally-induced transcriptions of the IFN-
β-encoding gene IFNB1 and the NF-κB-activated genes
(IL6, CCL2 and TNF) were enhanced upon TOMM34
overexpression (Fig. 2c and Supplementary Fig. S3b). In
contrast, the transcription of ISG54 which reflects the
IRF3 activity was not affected (Supplementary Fig. S3b).

Next, we generated a HEK293T cell line defective in
TOMM34 by the CRISPR/Cas9-mediated gene editing
www.thelancet.com Vol 108 October, 2024
(Supplementary Fig. S3c). In TOMM34−/− HEK293T
cells, the viral induction of IFNB1, IL6, CCL2 and TNF
was markedly decreased in comparison with that in wild-
type (WT) HEK293T cells (Fig. 2d and Supplementary
Fig. S3d). No difference was observed in the transcrip-
tion of ISG54 between WT and TOMM34−/− HEK293T
cells under the same stimulation. TOMM34 has been
previously defined as a cytosolic cochaperone of the
Hsp90/Hsp70 complex transferring mitochondrial pre-
cursors.61 The phosphorylation of TOMM34 S93/169
residues are crucial for binding to adaptor 14-3-3 and
leaving Hsp70 to process the substrate.62 During the
course of viral infection, however, recovery of TOMM34
WT or the S93/169A mutant in TOMM34−/− HEK293T
cells substantially rescued the loss of IFNB1 and CCL2
mRNA levels (Fig. 2e and Supplementary Fig. S3e),
suggesting that the previously undefined role of
TOMM34 in antiviral cytokines expression is indepen-
dent of its function as the Hsp90/Hsp70 cochaperone.
Deficiency of TOMM34 sharply promoted viral prolifer-
ation, as reflected by the enhanced GFP fluorescence in
TOMM34−/− HEK293T cells infected with PR8-GFP vi-
rus (Fig. 2f). To confirm these results in the respiratory
epithelium, we employed WT and TOMM34-defective
A549 cells to be infected with a variety of RNA viruses.
Compared to WT cells, TOMM34−/− A549 cells could
barely express diverse antiviral cytokines under stimu-
lation with SeV, VSV, PR8 or RSV (Fig. 2g,
Supplementary Fig. S3f and g). In addition, we observed
a similar phenomenon when using a SARS-CoV-2-
infected cell model, as the overexpression of TOMM34
increased the relative transcription levels of IFNB1 and
TNF induced by SARS-CoV-2 trVLP (Supplementary
Fig. S3h).

We further elucidated the function of murine-
derived Tomm34. Mouse embryonic fibroblast (MEF)
cell line NIH/3T3, an ideal cell model for studying
antiviral innate immunity, was used here to conduct
the gain-of-function and loss-of-function assays for
Tomm34. Consistent with the results observed in
HEK293T cells, overexpression of murine Tomm34
substantially increased the mRNA levels of Ifnb1, Il6,
Tnf and Ccl2 but not Isg54 in NIH/3T3 cells stimulated
with poly(I:C) (Fig. 2h); whereas the defect in Tomm34
of NIH/3T3 cells compromised the viral induction of
these antiviral cytokines except Isg54 (Fig. 2i,
Supplementary Fig. S3i and j). Meanwhile, Tomm34−/−

NIH/3T3 cells reconstituting murine Tomm34
restored its capability of producing IFN-β and IL-6
(Fig. 2j and Supplementary Fig. S3k). It was also
observed that the Tomm34 deficiency led to an ampli-
fied replication of GFP-conjugated VSV in NIH/3T3
cells, as determined by fluorescent microscopy imaging
and flow cytometry analysis (Supplementary Fig. S3l
and m). Summarily, these results characterise a previ-
ously undefined role of TOMM34 in the antiviral
cytokines induction.
9
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Fig. 2: TOMM34 potentiates antiviral cytokines expression upon virus infection. a) Effects of TOMM proteins overexpression on VSV-
induced IFN-β promoter activation. HEK293T cells were co-transfected with IFN-β luciferase reporter plasmid (IFN-Beta_pGL3), renilla lucif-
erase plasmid (pRL-TK) plus vectors encoding hemagglutinin (HA)-tagged TOMM proteins as indicated or empty vector (EV) for 24 h, and were
then stimulated with VSV (MOI = 0.1) for 12 h. Cell lysates were obtained and subjected to dual luciferase assay. Activities of firefly luciferase
were normalized to those of renilla luciferase and shown as fold induction. Protein expression levels are shown in Supplementary Fig. S3a. b)
Effects of TOMM34 overexpression on IFN-β promoter activation induced by diverse stimuli. Similar to (a), HEK293T cells were transfected with
IFN-Beta_pGL3, pRL-TK plus plasmid encoding HA-TOMM34 or EV for 24 h, and were then mock-infected (Mock) or stimulated with VSV, SeV
(20 HA units/mL), PR8 (MOI = 1), RSV (MOI = 1) and poly(I:C) for 12 h. Cell lysates were obtained and subjected to dual luciferase assay. c)
Effects of TOMM34 overexpression on antiviral cytokines induction. qRT-PCR analysis of IFNB1, IL6, and CCL2 mRNA levels in HEK293T cells
transfected with HA-TOMM34 or EV for 24 h, followed by VSV infection for 12 h. The mRNA levels of TNF and ISG54 are shown in
Supplementary Fig. S3b. d) Impacts on antiviral cytokines induction in the absence of TOMM34. qRT-PCR analysis of IFNB1, IL6, CCL2 and ISG54
mRNA levels in TOMM34+/+ and TOMM34−/− HEK293T cells mock-infected or infected with VSV for 12 h. Protein levels of TOMM34 in
TOMM34+/+ and TOMM34−/− HEK293T cells, Supplementary Fig. S3c; mRNA levels of TNF in TOMM34+/+ and TOMM34−/− HEK293T cells,
Supplementary Fig. S3d. e) Effects of TOMM34 recovery on antiviral cytokines induction in TOMM34−/− HEK293T cells. qRT-PCR analysis of
IFNB1 and CCL2 mRNA levels in TOMM34+/+ and TOMM34−/− HEK293T cells that were transfected with EV or vectors encoding HA-tagged
TOMM34 and its mutant S93/160A for 24 h, followed by 12 h-VSV infection. Protein expression levels are shown in Supplementary
Fig. S3e. f) Microscopy imaging of TOMM34+/+ and TOMM34−/− HEK293T cells that were mock-infected or infected with GFP-conjugated
PR8 virus (PR8-GFP) for 12 h. Scale bars, 200 μm. g) Impacts on antiviral cytokines induction in the absence of TOMM34 in A549 cells.
qRT-PCR analysis of IFNB1, IL6 and CCL2 mRNA levels in TOMM34+/+ and TOMM34−/− A549 cells mock-infected or infected with VSV, SeV (20
HA units/mL), PR8 (MOI = 1) and RSV (MOI = 1) for 12 h. Protein levels of TOMM34 in TOMM34+/+ and TOMM34−/− A549 cells, Supplementary
Fig. S3f; mRNA levels of TNF in TOMM34+/+ and TOMM34−/− A549 cells, Supplementary Fig. S3g. h) Effects of murine Tomm34 overexpression
on antiviral cytokines induction. qRT-PCR analysis of Ifnb1, Il6, Tnf, Ccl2 and Isg54mRNA levels in mouse embryonic fibroblast NIH/3T3 cells that
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Fig. 3: Tomm34 is pivotal for antiviral innate immunity in primary murine macrophages. a) ELISA of IFN-β, IFN-α and IL-6 in supernatants
of Tomm34fl/fl and Tomm34fl/fl Lyz2-Cre BMDMs unstimulated (US) or stimulated for 12 h with SeV (20 HA units/mL), VSV (MOI = 0.1), PR8
(MOI = 1), SARS-CoV-2 trVLP (MOI = 0.1), RSV (MOI = 1), poly(I:C) or for 8 h with LPS. Protein levels of Tomm34 in BMDMs collected from
Tomm34fl/fl and Tomm34fl/fl Lyz2-Cre mice, Supplementary Fig. S4a; numbers and percentages of BMDMs from Tomm34fl/fl and Tomm34fl/fl

Lyz2-Cre mice, Supplementary Fig. S4b and c. b) qRT-PCR analysis of Ifnb1, Ifna4, Il6, Ccl2 and Isg54 in Tomm34fl/fl and Tomm34fl/fl Lyz2-Cre
BMDMs infected for 8 h with VSV. c) Flow cytometry analysis (left graph) and microscopy imaging (right graph) for the replication of PR8-GFP
in Tomm34fl/fl and Tomm34fl/fl Lyz2-Cre BMDMs infected with PR8-GFP for 24 h. Scale bars, 200 μm. d) ELISA of IFN-β in supernatants of
Tomm34fl/fl and Tomm34fl/fl Lyz2-Cre PMs infected for indicated hours with VSV. e) qPCR analysis of VSV RNA in PMs that were treated as in (d).
Data are represented as mean ± SD calculated from three independent experiments, or are representative of three independent experiments. P
values are reported with two significant digits, or shown as “P < 0.0001” (Unpaired two-tailed Student’s t test).

Articles
Tomm34 deficiency in primary murine
macrophages impairs antiviral innate immunity
To demonstrate the physiological role of TOMM34 in
antiviral innate immunity, we generated conditional
were transfected with plasmid encoding HA-Tomm34 or empty vector fo
poly(I:C) for 12 h. i) Impacts on antiviral cytokines induction in the absen
mRNA levels in Tomm34+/+ and Tomm34−/− NIH/3T3 cells that were mock
Tomm34 in Tomm34+/+ and Tomm34−/− NIH/3T3 cells, Supplementary Fig
cells, Supplementary Fig. S3j. j) Effects of Tomm34 recovery on antiviral c
Ifnb1 and Il6 mRNA levels in Tomm34+/+ and Tomm34−/− NIH/3T3 cells t
infection with VSV for 12 h. Protein expression levels are shown in Supp
from three independent experiments, or are representative of three indep
or shown as “P < 0.0001” (Unpaired two-tailed Student’s t test).
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knock-out mice which underwent deletion of loxP-
flanked Tomm34 alleles (Tomm34fl/fl) specifically in
myeloid cells via Cre recombinase driven by the myeloid
cell-specific lysozyme M promoter (Lyz2-Cre), namely
r 24 h, and were subsequently mock-stimulated or stimulated with
ce of murine Tomm34. qRT-PCR analysis of Ifnb1, Il6, Ccl2 and Isg54
-infected or infected with VSV (MOI = 0.1) for 12 h. Protein levels of
. S3i; mRNA levels of Tnf in Tomm34+/+ and Tomm34−/− NIH/3T3 cells
ytokines induction in Tomm34−/− NIH/3T3 cells. qRT-PCR analysis of
hat were transfected with HA-Tomm34 or EV for 24 h, followed by
lementary Figure S2k. Data are represented as mean ± SD calculated
endent experiments. P values are reported with two significant digits,
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Fig. 4: Tomm34fl/fl Lyz2-Cre mice exhibit increased susceptibility to RNA viruses infection. a) Survival (Kaplan–Meier curve) of 7-week-old
male Tomm34fl/fl and Tomm34fl/fl Lyz2-Cre mice (n = 10) after intraperitoneal injection of VSV (5 × 108 PFU per mouse). Time-specific numbers
at risk for each group are indicated at the bottom. Mice were infected at day 0 and daily monitored until day 8 (experimnetal end-point as the
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Tomm34fl/fl Lyz2-Cre (Supplementary Fig. S4a).
Compared to Tomm34fl/fl mice, Tomm34fl/fl Lyz2-Cre
mice had normal numbers and percentages of BMDMs
(Supplementary Fig. S4b and c). We then treated
BMDMs obtained from Tomm34fl/fl Lyz2-Cre mice and
their WT littermates with a variety of stimuli. The se-
cretions of IFN-β, IFN-α and IL-6 induced by SeV, VSV,
PR8, SARS-CoV-2 trVLP, RSV, poly(I:C) or LPS were
significantly lower from Tomm34fl/fl Lyz2-Cre BMDMs
than those from Tomm34fl/fl BMDMs (Fig. 3a).
Tomm34fl/fl Lyz2-Cre BMDMs exhibited impaired tran-
scription of Ifnb1, Ifna4, Il6 and Ccl2 after VSV infec-
tion, but displayed no statistical difference in the
induction of Isg54 with that of Tomm34fl/fl BMDMs
(Fig. 3b). In addition, deficiency of Tomm34 in BMDMs
promoted the replication of PR8-GFP (Fig. 3c). Consis-
tent with the results observed in BMDMs, the time
course of VSV infection showed a constant lower level of
secretive IFN-β produced from Tomm34fl/fl Lyz2-Cre
peritoneal macrophages (PMs) than that from
Tomm34fl/fl PMs (Fig. 3d). Replication of VSV was
accordingly potentiated in Tomm34fl/fl Lyz2-Cre PMs
compared with Tomm34fl/fl PMs, as determined by qRT-
PCR analyses (Fig. 3e). Taken together, our data
demonstrate that Tomm34 is indispensable for the
antiviral responses of primary murine macrophages.

Myeloid Tomm34 protects mice against viral
infection
To further confirm the antiviral significance of Tomm34
in vivo, we infected Tomm34fl/fl and Tomm34fl/fl Lyz2-
Cre mice with VSV and PR8, respectively. It was illus-
trated that the mortality of Tomm34fl/fl Lyz2-Cre mice
challenged with VSV was higher than that of the control
littermates (Fig. 4a; Supplementary Table S3 and S5).
The sera concentrations of IFN-β, IFN-α, IL-6 and CCL2
were significantly decreased in Tomm34fl/fl Lyz2-Cre
mice compared with Tomm34fl/fl mice at 24 h after VSV
infection (Fig. 4b). Besides, the viral induction of Ifnb1,
body weight was decreased to 80%). Survival data showing the group, st
Supplementary Table S5. The sample size and related power analysis are in
mice intraperitoneally injected with VSV (5 × 108 PFU per mouse) or PBS f
mRNA in the lungs, spleens and livers of mice treated as in (b) (n = 6). d)
mice treated as in (b) (n = 6). e) qRT-PCR analysis of VSV RNA in the lung
and-eosin (H&E) staining of sections of lungs from mice treated as in B. Sc
Tomm34fl/fl and Tomm34fl/fl Lyz2-Cre mice after intranasal infection with 5
indicated at the bottom. Mice were infected at day 0 and daily monito
decreased to 80%). Survival data showing the group, state (0 = survival;
Table S5. The sample size and related power analysis are indicated in Sup
infected with PR8 were weighted at day 0 (Mock) and daily monitored un
curve (AUC) for weight change was calculated in Supplementary Fig. S4. i)
50 PFU PR8 or PBS (n = 6). j) IFN-β and IL-6 levels in lung homogenates
mice treated as in (i). l) H&E staining of sections of lungs from mice trea
calculated from three independent experiments, or are representative o
significant digits, or shown as “P < 0.0001” (Unpaired two-tailed Studen
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Ifna4, Il6 and Ccl2 rather than Isg54 were impaired in
the lungs, spleens and livers of Tomm34fl/fl Lyz2-Cre
mice (Fig. 4c). Consistently, myeloid deficiency of
Tomm34 increased VSV titers and RNA replicates in the
lungs, spleens and livers of mice (Fig. 4d and e). H&E
staining showed that there was an increased infiltration
of inflammatory cells into the lungs of Tomm34fl/fl Lyz2-
Cre mice compared with Tomm34fl/fl mice following
VSV infection (Fig. 4f).

Upon intranasal infection with a lethal dose of PR8,
Tomm34fl/fl Lyz2-Cre mice showed worse survival and
more body weight loss in comparison with those of
Tomm34fl/fl mice (Fig. 4g and h, Supplementary Fig. S5;
Supplementary Tables S3 and S5). The levels of IFN-β
and IL-6 in BAL and lung homogenates were higher at
Day 3 following PR8 infection in Tomm34fl/fl Lyz2-Cre
mice compared with their control littermates (Fig. 4i
and j). Consistently, lung virus titers were lower in
Tomm34fl/fl Lyz2-Cre mice than in Tomm34fl/fl mice at
Day 3 post-infection with PR8 (Fig. 4k). As a result, we
observed more severe injury and enhanced infiltration
of immune cells in the lungs of Tomm34fl/fl Lyz2-Cre
mice (Fig. 4l). Collectively, our findings manifest that
myeloid Tomm34 is pivotal for establishing the robust
innate antiviral state in vivo.

TOMM34 promotes NF-κB activation by associating
with NEMO
Following RNA virus infection and subsequent forma-
tion of the MAVS signalsome at the mitochondria, two
downstream signalling pathways TBK1-IRF3 and IKKα/
β/γ-NF-κB are activated, leading to the induction of type
I IFNs and pathway-specific cytokines.63 Our data above
indicated that TOMM34 potentiated the expression of
pro-inflammatory cytokines and chemokines (IL-6, TNF-
α, CCL2) driven by NF-κB, but had no impacts on the
transcription of IRF3-governed antiviral gene ISG54.
We thus speculated that TOMM34 functions at the
IKKα/β/γ-NF-κB pathway. To validate our speculation,
ate (0 = survival; 1 = death) and end times of mice were displayed in
dicated in Supplementary Table S3. b) ELISA of cytokines in serum of
or 24 h (n = 6). c) qRT-PCR analysis of Ifnb1, Ifna4, Il6, Ccl2 and Isg54
Plaque assays analyzing VSV titers in the lungs, spleens and livers of
s, spleens and livers of mice treated as in (b) (n = 6). f) Hematoxylin-
ale bars, 100 μm. g) Survival (Kaplan–Meier curve) of 7-week-old male
0 PFU PR8 (n = 10). Time-specific numbers at risk for each group are
red until day 14 (experimnetal end-point as the body weight was
1 = death) and end times of mice were displayed in Supplementary
plementary Table S3. h) Body weights of mice treated as in (g). Mice
til any one was dead (day 6, experimnetal end-point). Area under the
IFN-β and IL-6 levels in BAL from mice at Day 3 after infection with
from mice treated as in (i). k) Viral titer in lung homogenates from
ted as in (i). Scale bars, 50 μm. Data are represented as mean ± SD
f three independent experiments. P values are reported with two
t’s t test).
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Fig. 5: TOMM34 interacts with NEMO to facilitate the virally-induced NF-κB activation. a) Impacts on NF-κB and IRF3 promoter activation
in the absence of TOMM34. Similar to Fig. 2A, TOMM34+/+ and TOMM34−/− HEK293T cells were transfected with the NF-κB or IRF3 luciferase
reporter plasmid plus pRL-TK for 24 h, and were mock-infected or infected with VSV for another 12 h. Cell lysates were obtained and subjected
to dual luciferase assay. Activities of firefly luciferase are normalized to those of renilla luciferase and shown as fold induction. b) Impacts of
TOMM70-knocked down on antiviral cytokines induction in TOMM34−/− HEK293T cells. qRT-PCR analysis of IFNB1, CCL2 and ISG54 mRNA levels
in TOMM34+/+ and TOMM34−/− HEK293T cells that were treated with TOMM70 siRNA (siTOMM70) or scramble siRNA (Control) for 36 h,
followed by infection with VSV for 12 h. c) Impacts of TOMM34 deficiency on activation of the IKKα/β/γ-NF-κB signalling. Immunoblotting (IB)
analysis showing the protein levels of NF-κB p65 and its phosphorylated form (p-p65), IKKα/β and p-IKKα/β, IRF3 and p-IRF3, as well as
TOMM34 in TOMM34+/+ and TOMM34−/− HEK293T cells infected with VSV for the indicated time. β-actin was immunoblotted as loading
control. d) Immunofluorescence staining (with anti-p65 antibody) and miscroscopy imaging of Tomm34+/+ and Tomm34−/− NIH/3T3 cells that
were mock-infected or infected with SeV for 12 h. Scale bars, 20 μm. e) Co-immunoprecipitation (Co-IP) determining the interaction between
TOMM34 and the RIG-I signalling components. HEK293T cells were transfected with HA-Tomm34 and vectors encoding Flag-tagged RIG-I,
MAVS, TBK1, IRF3, IKKβ or NEMO for 36 h, and were then subjected to Co-IP using anti-HA beads. Whole cell lysates (WCL) were analyzed by IB
with anti-HA and anti-Flag antibodies. f) Fluorescent microscopic analysis of TOMM34 localization in HeLa cells transfected with HA-TOMM34.
Nucleus and mitochondria were labeled with DAPI and Mito Tracker Red, respectively. Scale bars, 10 μm. The quantification data was shown in
Supplementary Fig. S5a. g) Fluorescent microscopic analysis of TOMM34 and NEMO colocalization in HeLa cells co-transfected with HA-
TOMM34 and Flag-NEMO for 24 h, and were then mock-infeted or infected with SeV for 12 h. Nucleus were labeled with DAPI. Scale bars,
10 μm. The quantification data was shown in Supplementary Fig. S5b. h) Immunoprecipitation (IP) examining the endogenous association
between TOMM34 and NEMO. HEK293T cells were mock-infected or infected with VSV for 12 h, and were then subjected to IP using IgG or
anti-TOMM34 antibodies (αTOMM34). IB analysis was conducted using indicated antibodies. i) Scheme for construction of TOMM34 and its
deletion mutants. j) Co-IP determining the region of TOMM34 protein that is responsible for associating with NEMO. HEK293T cells were co-
transfected with plasmid encoding Flag-tagged NEMO (Flag-NEMO) and plasmid encoding N-terminal HA- and C-terminal GFP-tagged
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we determined the impacts of TOMM34 deficiency on
the activation of NF-κB and IRF3 promoters under viral
infection. As expected, TOMM34 absence diminished
the activity of NF-κB-Luc rather than that of IRF3-Luc
(Fig. 5a). Considering that TOMM70 is also involved
in the antiviral type I IFN signalling, we next examined
if the functions of TOMM34 and TOMM70 are com-
plementary or redundant to each other. Scramble siRNA
and siRNA targeting TOMM70 were transfected into
WT and TOMM34−/− HEK293T cells, respectively, fol-
lowed by VSV infection. Knockdown of TOMM70
decreased the ISG54 mRNA levels but did not affect
CCL2 mRNA expression upon viral stimulation regard-
less of the presence of TOMM34 (Fig. 5b). Notably, loss
of either TOMM34 or TOMM70 had negative effects on
the virus-triggered IFNB1 transcription, indicating that
these two TOMM proteins play distinct roles in the
antiviral type I IFN signalling. Further immunoblotting
analysis illustrated that the level of activated/phosphor-
ylated NF-κB p65 subunit was relatively lower in
TOMM34−/− HEK293T cells than that in WT cells dur-
ing the time course of VSV infection; whereas the virus-
induced phosphorylation of IRF3 was unaffected in the
absence of TOMM34 (Fig. 5c). Meanwhile, the phos-
phorylation of IKKα/β which is an upstream event about
the NF-κB p65 activation was attenuated in TOMM34−/−

cells following VSV infection. In line with the dimin-
ished phosphorylation of p65, the nuclear translocation
of p65 induced by SeV was hindered in Tomm34−/− 3T3
cells as determined by immunofluorescence imaging
(Fig. 5d).

To understand the detailed mechanism regarding
how TOMM34 promotes NF-κB p65 activation, we per-
formed co-immunoprecipitation (Co-IP) assay deter-
mining the potential interaction(s) between TOMM34
and key components of the RIG-I-MAVS antiviral sig-
nalling pathway. It was obvious that HA-tagged
TOMM34 interacted with FLAG-tagged NEMO rather
than other components in the RIG-I-mediated antiviral
signalling, including RIG-I, MAVS, TBK1, IRF3 or IKKβ
(Fig. 5e). Immunofluorescence imaging displayed that
HA-TOMM34 was both cytosolically distributed and
mitochondrially localized, and showed partial colocali-
zation with Flag-NEMO in resting HeLa cells; while the
viral infection triggered the mitochondiral translocation
of HA-TOMM34 and significantly promoted its coloc-
alization with Flag-NEMO, as indicated by the quanti-
tative colocalization analysis (Fig. 5f and g,
Supplementary Fig. S6a and b). We further conducted
immunoprecipitation (IP) assay using anti-TOMM34
antibodies (αTOMM34), and observed an endogenous
TOMM34 (HA-TOMM34-GFP) or its mutants as indicated for 36 h, and
conducted using indicated antibodies. Asterisk indicates the nonspecific
dependent experiments, or are representative of three independent exper
“P < 0.0001” (Unpaired two-tailed Student’s t test).
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association between TOMM34 and NEMO in resting
cells (Fig. 5h). It should be notable that viral infection
indeed augmented the interaction of TOMM34 with
NEMO, as indicated by the increased amounts of
endogenous NEMO in the IP products from VSV-
infected cells (Fig. 5h, comparing Lanes 2 and 3).
Moreover, we generated a series of TOMM34 truncated
mutants deleting either one or both two TPR domains
(Fig. 5i). As illustrated in Fig. 5j, none of these mutants
were able to co-immunoprecipitated with NEMO, indi-
cating that both TPR1 and TPR2 domain of TOMM34
are necessary for its association with NEMO. Truncation
of NEMO manifested that either its N-terminal or C-
terminal region consisting of ∼200 amino acids was
indispensable for binding to TOMM34 (Supplementary
Fig. S6c and d). We thus conclude that TOMM34 as-
sociates with NEMO via its TRP domains and promote
the subsequent NF-κB activation.

TOMM34 recruits TRAF6 for NEMO K63-linked
polyubiquitination upon virus stimulation
TRAF6 is the ubiquitin E3 ligase responsible for NEMO
K63-linked polyubiquitination, a key step in the activa-
tion of NEMO and the IKKα/β/γ complex during virus
infection.20 With the aim to dissect how the interaction
between TOMM34 and NEMO facilitates the IKKα/
β/γ-NF-κB signalling, we examined if there are physio-
logical interactions and interrelationships among
TRAF6, TOMM34 and NEMO. For this purpose, we
conducted endogenous IP assay using anti-NEMO an-
tibodies (αNEMO) in HEK293T cells mock-infected or
infected with SeV. In resting cells, NEMO was only co-
immunoprecipitated with TOMM34; while in cells
stimulated with SeV, NEMO bound to TRAF6 and had
an augmented association with TOMM34 (Fig. 6a).
Following immunofluorescence assay showed that the
deficiency of Tomm34 in NIH/3T3 cells substantially
crippled the interaction between TRAF6 and NEMO
(Fig. 6b and Supplementary Fig. S7a).

Next, we determined whether the interaction be-
tween TRAF6 and NEMO facilitated by TOMM34 can
affect the NEMO K63-linked ubiquitination, which is
essential for the IKKα/β/NEMO-NF-κB signalling. HA-
tagged ubiquitin (HA-Ub), Flag-NEMO and Myc-
TOMM34 were co-expressed in HEK293T cells treated
with or without VSV, followed by Co-IP with Flag beads.
As shown in Fig. 6c, in both resting cells and VSV-
stimulated cells, overexpression of TOMM34 dramati-
cally increased the levels of HA-Ub-conjugated NEMO,
and augmented the binding of Flag-NEMO with
endogenous TRAF6. Meanwhile, the mutation S94/
were then subjected to Co-IP using anti-Flag beads. IB analysis was
bands. Data are represented as mean ± SD calculated from three in-
iments. P values are reported with two significant digits or shown as
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Fig. 6: TOMM34 promotes the K63-linked polyubiquitination of NEMO under viral stimulation. a) IP analysis showing the endogenous co-
interaction among TOMM34, TRAF6 and NEMO upon viral infection. HEK293T cells were mock-infected or infected with SeV for 12 h, and were
then subjected to IP analysis using IgG or anti-NEMO antibodies (αNEMO). IB analysis was conducted using indicated antibodies. b) Fluorescent
microscopic analysis of TRAF6 and NEMO colocalization in Tomm34+/+ and Tomm34−/− NIH/3T3 cells co-transfected with plasmids encoding
EGFP-tagged TRAF6 and mCherry-tagged NEMO for 24 h, and were then mock-infected or infected with SeV for 12 h. Nucleus was stained with
DAPI. Scale bars, 10 μm. c) Effects of TOMM34 overexpression on the ubiquitination of NEMO under viral stimulation. HEK293T cells were
transfected with indicated vectors for 24 h, followed by mock-infection or infection with VSV for 12 h. Cells were collected and subjected to IP
using anti-Flag beads. IB analysis was conducted using indicated antibodies. d) Impacts of TOMM34 deficiency on the ubiquitination of NEMO
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160A of TOMM34 did not impair its augmentation ef-
fect on the virally induced ubiquitination of NEMO,
further supporting the notion that the indispensable
role of TOMM34 in transducing antiviral signal is in-
dependent of its function as the Hsp90/Hsp70 cocha-
perone (Supplementary Fig. S7b). We further conducted
endogenous IP using anti-NEMO antibodies in
TOMM34−/− HEK293T and WT cells. A decreased level
of NEMO ubiquitination was observed in TOMM34-
deficient cells compared with WT cells under both
quiescent and VSV-stimulated conditions (Fig. 6d).
Since NEMO undergoes both K63-linked and K48-
linked polyubiquitin conjunction, we sought to figure
out which type of NEMO polyubiquitination was
affected by TOMM34. Co-IP results showed that both
the deficiency and the overexpression of TOMM34 only
enhanced the K63-linked polyubiquitination of NEMO,
but had no impacts on its K48-linked polyubiquitin
conjunction (Fig. 6e and Supplementary Fig. S7c). We
observed a consistent result when expressing HA-K63R
and HA-K48R polyubiquitin chains in WT and
TOMM34−/− HEK293T cells under viral stimulation, as
indicated by the compromised non-K48-linked poly-
ubiquitination of NEMO in the absence of TOMM34
(Fig. 6f). Thus, our data suggest that TOMM34 pro-
motes the K63 ubiquitination of NEMO by linking
TRAF6 to NEMO upon virus infection.
Discussion
Molecular details underlying the virus-induced forma-
tion of MAVS signalsome at the mitochondria has been
considerably elucidated, showing that RIG-I/MDA5
activated by viral RNA triggers MAVS to aggregate
and form a complex with multiple ubiquitin E3 ligases
including TRAF6.64–66 In spite of that, how the MAVS
signalsome recruits downstream signalling compo-
nents which reside in the cytosol remains largely un-
known. Our present work provides evidence that
TOMM34 is a component of the MAVS signalsome
facilitating the antiviral signal transduction. Deficiency
of TOMM34 impaired the expression of type I IFNs,
pro-inflammatory cytokines and chemokines, which
potentiated the survival of RNA viruses both in cells
and in vivo. Further investigation manifested that the
MAVS-downstream signalling cascade affected by
TOMM34 is IKKα/β/NEMO-NF-κB rather than
under viral stimulation. TOMM34+/+ and TOMM34−/− HEK293T cells were t
with VSV for 12 h. Ubiquitination of endogenous NEMO were assessed by
indicated antibodies) analysis. e and f) Effects of TOMM34 deficiency
stimulation. TOMM34+/+ and TOMM34−/− HEK293T cells were transfected
and K63R as indicated) and Flag-NEMO for 24 h, followed by infection wit
IB analysis (using indicated antibodies) for determining the type of NEM
experiments. g) A model for TOMM34 facilitates antiviral innate immun
NEMO toward TARF6 in the MAVS signalsome, thus facilitating the K63
subsequent production of antiviral cytokines.

www.thelancet.com Vol 108 October, 2024
TBK1-IRF3. TOMM34 interacts with NEMO through its
TPR domains; when antiviral signalling is activated, it
serves as an adaptor linking NEMO to TRAF6, ulti-
mately boosting the antiviral response through the
IKKα/β/γ-NF-κB signalling cascade. We thus propose a
model for the role of TOMM34 in antiviral innate im-
munity (Fig. 6g): Infection with SARS-CoV-2, IAV and
other RNA viruses induce the expression of TOMM34
in the lung epithelium and innate immune cells. The
co-interaction with TOMM34 sets up a bridge between
NEMO and TRAF6, which guides NEMO to the MAVS
signalsome and promotes the K63-linked ubiquitina-
tion of NEMO by TRAF6. As a result, the activation of
NF-κB and production of downstream antiviral cyto-
kines are provoked. Crystallization of the TRAF6-
TOMM34-NEMO complex is ongoing to provide
further molecular details into the MAVS signalsome
upon antiviral signal transduction.

Aberrant expression of TOMM34 has been observed
in a variety of cancers including colorectal, breast and
ovarian tumours, and was thought to be associated with
poor prognosis.34,38,67,68 Here we reported an upregula-
tion of TOMM34 transcription in circulating monocytes,
lung epithelium and innate immune cells from severely
ill patients with COVID-19 and influenza. The final
outcome of our UMAP analysis revealed that the major
influencing factor of samples difference is the diseases
state rather than other confounding factors. Moreover,
our data suggested that the viral induction of TOMM34
might be positively correlated to the hyperinflammatory
state in severely ill patients with viral infectious dis-
eases. Our cell models further validated that the
TOMM34 transcription was elevated by not only SARS-
CoV-2 but also other RNA viruses in both macrophages
and epithelial cells. Therefore, the expression of
TOMM34 in PBMCs might be applied as a clinical in-
dicator to predict the severity of patients infected with
RNA viruses. Still, the mechanism of TOMM34 upre-
gulation upon RNA virus infection remains unclear.
Nuclear respiratory factor-1 (NRF-1) is a potential
candidate responsible for the activated transcription of
TOMM34, as previous ChIP-Seq assay has identified
TOMM34 as a target gene of NRF-1.69 Future promoter
assay together with the transcription factor binding site
prediction would be conducted to find out the certain
transcription factors that upregulate the expression of
TOMM34.
ransfected with HA-Ub for 24 h, and were mock-infected or infected
IP (using anti-NEMO antibodies and protein A/G beads) and IB (using
on the K48- and K63-linked ubiquitination of NEMO under viral
with plasmids expressing various HA-Ub (K48 only, K63 only, K48R,
h VSV for 12 h. Cells were subjected to IP (using anti-Flag beads) and
O polyubiquitination. Data are representative of three independent
ity. Upon RNA virus infection, cellular TOMM34 is induced to guide
-linked ubiquitination of NEMO, activation of NF-κB signalling and
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Classic subunits of TOMM such as TOMM20 and
TOMM40, are anchored at the outer membrane of
mitochondria and responsible for the import of mito-
chondrial proteins.70 As a noncanonical TOMM protein,
TOMM34 is distributed in the cytosol and also mito-
chondrially located. Whether TOMM34 is a redundant
member in the TOMM family or has its unique activity
is thus intriguing to be investigated. Our study revealed
a previously undefined role of TOMM34 as an antiviral
signalling modulator. In resting cells, TOMM34 in-
teracts with NEMO in the cytosol; while antiviral signal
is transduced, the mitochondrially-translocated ten-
dency of TOMM34 guides NEMO to TRAF6 which is
ahead complexed with MAVS aggregates at the mito-
chondria. The presence of TOMM34 intensively en-
hances the interaction between NEMO and TARF6,
promoting the K63-linked ubiquitination of NEMO and
downstream NF-κB activation. Therefore, TOMM34
plays a distinct role in antiviral innate immunity from
TOMM70 which functions by linking MAVS to the
TBK1-IRF3 cascade. Furthermore, our research dis-
closed that both TPR1 and TPR2 domains are necessary
for TOMM34 to interact with NEMO. In contrast, the
interaction of TOMM34 with Hsp70 only requires TRP1
domain, while TRP2 domain binds specifically to
Hsp90.62 Besides the NF-κB signalling, TOMM34 may
also exhibit antiviral activity through other cellular
pathways or biological processes. According to a previ-
ous study, TOMM34 can interact with ATP5B to pro-
mote oxidative phosphorylation (OXPHOS) and ATP
production.71 The activity of OXPHOS is indispensable
in the RLR-mediated antiviral innate immunity, and
glycolysis inhibits the RLR signalling by producing
lactate.72–74 It is thus reasonable to speculate and further
validate that TOMM34 can exert its antiviral activity by
interfering with cell metabolism.

Since TOMM34 is a critical regulator of antiviral
response, manipulating the level of TOMM34 might be
a strategy for innate immunity-based therapy. For
instance, the activator of TOMM34 expression may
enhance antiviral innate immunity to restrain viral
replication in the early phase of virus infection, and
inhibitors of TOMM34 are potential therapeutic agents
for hyperinflammation. On the other hand, TOMM34 is
also a potential target that is antagonised by viral pro-
teins, since repressing key molecules in the antiviral
signalling is a major strategy for virus to escape from
immune surveillance. For instance, SARS-CoV-2 ORF9b
associates with TOMM70 to suppress the type I IFN
response; while its Nsp5 protein prevents the NF-κB
phosphorylation and activation by cleaving TAB1 and
NEMO.41,75 Future study of the TOMM34-interactome
upon virus infection is intriguing to discover the viral
immune evasion strategies that target TOMM34 and
undermine related processes.

Although this work have uncovered the correlation
between TOMM34 and inflammatory activation in
PBMCs from patients with influenza, lacking the scRNA
data of BAL cells limited the exploration of TOMM34’s
physiological significance in this population. Besides,
the mechanism of how TOMM34 is induced upon viral
infection was not fully interpreted. Furthermore, our
present data is insufficient to conclude that targeting
TOMM34 is a feasible clinical intervention for the virally
induced hyperinflammation. To approach TOMM34 as
a potential therapeutic target in clinical trials, a cohort
study integrated with a meticulous evaluation are
imperative to be conducted in the future.
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