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Abstract

The Toll-like receptor 4 (TLR4) pathway is critical for initiating innate immunity; however, its
dysregulation drives pathological inflammation in diseases such as sepsis. Here, we identify tripartite
motif protein 36 (TRIM36) as a key positive regulator that amplifies TLR4 signaling. TRIM36 expression
was robustly upregulated in macrophages upon lipopolysaccharide (LPS) challenge. Mechanistically,
TRIM36 directly bound to TGF-B-activated kinase 1 (TAK1) and catalyzed its K63-linked ubiquitination, a
prerequisite for the activation of TAK1 and the downstream nuclear factor-kB (NF-kB) pathway.
Functionally, genetic ablation of Trim36 in mice attenuated hypothermia, improved survival, and reduced
cytokine production in an LPS-induced sepsis model. Consistently, in vitro knockdown of TRIM36 in
human macrophages blunted LPS-induced signaling and the secretion of proinflammatory mediators.
Furthermore, analysis of a public transcriptomic dataset revealed that elevated TRIM36 levels were
associated with non-survival in patients with sepsis. Collectively, our findings establish TRIM36 as a
critical amplifier of TLR4-induced hyperinflammation and highlight its potential as a therapeutic target
for sepsis.

Introduction

Sepsis is a life-threatening condition caused by a dysregulated host response to infection and remains a
leading cause of death worldwide[1]. Despite extensive research efforts, no specific therapeutic
interventions beyond intensive care unit (ICU) support are currently available for sepsis[2]. Patient
prognosis is governed by the dynamic interplay between pro-inflammatory and anti-inflammatory
responses within the host immune system[2]. The polarization status of macrophages exerts a
deterministic influence on the immunological profile of septic patients. During distinct phases of sepsis,
these innate immune cells undergo dynamic phenotypic reprogramming. Specifically, early
hyperinflammatory stages are characterized by a microenvironment dominated by pro-inflammatory
mediators (e.g., TNF-a and IL-6), which drive M1-like macrophage polarization and are associated with
progressive expansion of the immunostimulatory macrophage population[3]. Upon recognition of
pathogen-associated molecular patterns (PAMPSs) or damage-associated molecular patterns (DAMPs),
macrophage activation triggers pattern recognition receptor (PRR)-mediated production of
proinflammatory mediators. This process initiates canonical inflammatory signaling cascades,
predominantly through the nuclear factor-kB (NF-kB) and mitogen-activated protein kinase (MAPK)
pathways, thereby inducing the release of key inflammatory cytokines, including interleukin-6 (IL-6), IL-18,
and tumor necrosis factor-alpha (TNF-a)[4, 5].

The NF-kB signaling pathway is a well-characterized molecular cascade that plays a pivotal role in
modulating inflammatory and immune responses. In sepsis, TLR4 activation recruits the adaptor
proteins MyD88 and TIR domain-containing adaptor protein (TIRAP), which sequentially activate IRAK1/4
kinases and promote TRAF6 ubiquitination, thereby mediating TLR-triggered NF-kB signal transduction
through the IkB kinase (IKK) complex[6]. During this signaling cascade, transforming growth factor B-
activated kinase 1 (TAK1) functions as a pivotal regulatory kinase that potentiates macrophage-
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mediated inflammation. During this signaling cascade, transforming growth factor p-activated kinase 1
(TAK1) functions as a pivotal regulatory kinase that potentiates macrophage-mediated inflammation.
This post-translational modification cascade ultimately leads to nuclear translocation of NF-kB, enabling
transcriptional activation of pro-inflammatory genes[7]. Inhibition of TAK1 has been shown to be
effective in ameliorating sepsis[8].

Ubiquitination is a post-translational modification that participates in diverse cellular processes,
including the regulation of TLR4 signaling[9]. Ubiquitin is a highly conserved 76-amino acid protein that
contains seven lysine residues (K6, K11, K27, K29, K33, K48, and K63). Ubiquitin chains undergo
elongation via these residues[10]. Ubiquitination is enzymatically regulated by a tripartite system
consisting of ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin
ligases (E3)[11]. ET enzymes initiate the process through ATP-dependent activation, E2 enzymes are
responsible for substrate recognition and transfer, and E3 ligases catalyze the final isopeptide bond
formation[11]. E3 ligases determine substrate specificity by engaging target proteins through specialized
structural domains, thereby orchestrating precise ubiquitin transfer during the enzymatic cascade[12].
Different combinations of ubiquitin chains form various structures, each involved in specific biological
functions such as proteasomal degradation or immune signaling[13—15]. The most prevalent
polyubiquitin chain types are K48-linked and K63-linked modifications, which primarily mediate
proteasomal degradation and intracellular signaling, respectively[16, 17]. Tripartite motif (TRIM) proteins
represent a major subclass of E3 ubiquitin ligases and are characterized by conserved RING, B-box, and
coiled-coil domains. This evolutionarily conserved family comprises over 70 distinct members in
humans and plays pivotal roles in innate immunity and antiviral defense through substrate-specific
ubiquitination[18]. Members of the TRIM family have been shown to participate in the regulation of TLR
signaling pathways[19-24]. However, the role of the TRIM family in sepsis remains largely unexplored.

TRIM36 is a 728-amino acid protein in humans. It was initially identified in mice in 2003 as Haprin
through characterization of a haploid germ cell-specific cDNA library derived from murine testes[25]. In
humans, TRIM36 deficiency has been genetically associated with microtubule-related abnormalities and
neural tube closure defects, including craniorachischisis and disrupted mitotic spindle formation[26].
Consequently, recent studies have predominantly focused on the role of TRIM36 in tumor growth
regulation[27-29]. However, whether TRIM36 regulates the TLR signaling pathway remains unknown.

In this study, we identified TRIM36 as a critical positive regulator of septic inflammation and elucidated
its underlying molecular mechanism. We found that LPS stimulation upregulated TRIM36 expression in
macrophages and that TRIM36 deficiency attenuated systemic inflammatory responses and the
hypersecretion of pro-inflammatory cytokines. Mechanistically, TRIM36 directly interacted with TAK1 and
catalyzed its K63-linked ubiquitination at lysine 158, thereby facilitating the conformational changes
required for TAK1 autophosphorylation and subsequent activation of NF-kB. Collectively, our findings
establish TRIM36 as a novel amplifier of hyperinflammation in sepsis and highlight its potential as a
therapeutic target for this life-threatening condition.
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Results

TRIM36 mediates LPS-induced pro-inflammatory
responses in macrophages

To investigate the potential involvement of TRIM family proteins in the immune response to LPS, we
treated bone marrow-derived macrophages (BMDMs) with LPS and profiled the expression of TRIM
family members by quantitative real-time PCR (qPCR). This screening revealed that, whereas most TRIM
genes remained unchanged, TRIM36 expression was the most significantly induced (Fig. 1A). Analysis of
public GEO datasets (GSE13904 and GSE28750) showed that TRIM36 transcript levels were
substantially higher in patients with sepsis than in healthy controls (Fig. 1B, C). To validate these
findings, we stimulated mouse BMDMs and the human monocytic cell line THP-1 with LPS and
monitored TRIM36 expression by gPCR and western blotting. The results demonstrated a concordant
upregulation of TRIM36 at both the mRNA and protein levels (Fig. 1D, E). To delineate the functional
impact of TRIM36 on LPS-triggered responses, we isolated BMDMs from Trim36** and Trim36~/~ mice
and treated them with LPS for various durations. Compared with Trim36** BMDMs, Trim36~ BMDMs
exhibited a marked reduction in the production of pro-inflammatory mediators (IL-1, IL-6, TNF-q, and
NO), as measured by both gene transcription and protein secretion in the culture supernatant.
Collectively, these results indicate that LPS stimulation enhances TRIM36 expression in macrophages
and that TRIM36 plays a critical pro-inflammatory role in this setting.

TRIM36 deficiency protects mice from LPS-induced sepsis

To investigate the impact of TRIM36 on septic pathophysiology, we established an endotoxemia-based
sepsis model by intraperitoneal (i.p.) administration of LPS (10 mg/kg) in Trim36%* and Trim36™/~ mice
(Fig. 2A). Notably, compared with Trim36** littermates, Trim36~/~ mice exhibited significantly improved
survival rates and attenuated hypothermia progression following LPS challenge (Fig. 2B, C).
Histopathological examination of lung tissue, a key injury site in sepsis, confirmed that TRIM36
deficiency alleviated sepsis-induced pulmonary injury (Fig. 2D). We next analyzed the levels of
inflammatory cytokines in bronchoalveolar lavage fluid (BALF) and serum. Compared with the Trim36**
group, the Trim36/~ group showed significantly reduced levels of IL-1B, IL-6, TNF-a, and NO (Fig. 2E, F).
As macrophages are the primary inflammatory responders in sepsis, we performed flow cytometric
analysis, which revealed a decreased proportion of F4/80+*CD11b* peritoneal macrophages in Trim36 ™~

mice compared with Trim36%* mice (Fig. S1A). Furthermore, the expression levels of CD80 and CD86,
surface markers characteristic of inflammatory (M1) macrophages, were significantly lower in the

Trim36~~ group (Fig. S1B). Collectively, these results demonstrate that TRIM36 acts as a critical driver of
pro-inflammatory macrophage activation and exacerbates the pathogenesis of sepsis.
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TRIM36 deficiency selectively impairs the TAK1-NF-kB axis
downstream of TLR4

Macrophage activation in sepsis is frequently associated with activation of the TLR4 signaling
pathway[30]. Canonical inflammatory pathways, including NF-kB, Janus kinase/signal transducer and
activator of transcription (JAK/STAT), and mitogen-activated protein kinase (MAPK) cascades, play
critical roles in mediating inflammatory activation during septic progression[6, 31, 32]. To further
investigate the effects of TRIM36 on these pathways, we examined the phosphorylation status of key
proteins in selected major signaling pathways after LPS stimulation. The results revealed that TRIM36
deficiency led to a notable decrease in p65 phosphorylation, whereas the phosphorylation levels of TBK1,
IRF3, AKT, JNK, and p38 remained unaffected (Fig. 3A, B). To substantiate these findings, we assessed
the phosphorylation of other critical signaling molecules downstream of TLR4. Following LPS
stimulation at various time points, we found that TRIM36 deficiency markedly decreased the
phosphorylation of TAK1 and IkBa, molecules known to promote downstream NF-kB signaling and
inflammation (Fig. 3C, D). Finally, we performed RNA-seq on LPS-stimulated BMDMSs from Trim36** and
Trim36~~ mice. Gene Set Enrichment Analysis (GSEA) confirmed that, compared with Trim36** BMDMs,

Trim36™~ BMDMs exhibited a negative enrichment signature for various inflammatory signaling
pathways, including TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY, TNF_SIGNALING_PATHWAY,
NF_KAPPA_B_SIGNALING_PATHWAY, JAK_STAT_SIGNALING_PATHWAY,
CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION, and NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY
(Fig. S2A). Collectively, these results indicate that TRIM36 positively promotes TLR4 signaling pathway
activation to augment inflammatory responses.

TRIM36 directly interacts with TAK1 through an extensive multi-
domain interface

As TRIM36 is a member of the TRIM family, which often functions by binding to target molecules and
mediating their ubiquitination to regulate their activity[9, 18], we hypothesized that TRIM36 might exert
its effect by interacting with key components of the TLR4 signaling pathway, given that its knockout
significantly inhibits TLR4 pathway activation. To test this, we employed an ectopic expression system in
HEK293T cells to investigate potential interactions between TRIM36 and several critical molecules
within the TLR4 pathway (TAK1, TRAF6, TAB1, TAB2, and MYD88). The results confirmed that TRIM36
specifically interacted with TAK1 (Fig. S3A). TAK1 functions as a master regulatory kinase in signal
transduction cascades, critically orchestrating TLR4 signaling pathway activation through
phosphorylation-dependent mechanisms[33]. To further validate this interaction, we examined the
functional relationship between TRIM36 and TAK1 in both HEK293T cells and BMDMs.
Co-immunoprecipitation (Co-IP) assays demonstrated a robust interaction, evident upon exogenous
expression in HEK293T cells and, more importantly, under physiological conditions between the
endogenous proteins in BMDMs (Fig. 4A, B).
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To map the specific interaction domains, we performed Co-IP assays in HEK293T cells using a series of
truncation mutants. Assays between full-length TAK1 and TRIM36 truncation mutants revealed that the
RING and SPRY domains of TRIM36 are primarily responsible for the interaction (Fig. 4C). Similarly,
reciprocal Co-IP using TAK1 truncation mutants and full-length TRIM36 demonstrated an extensive
binding interface, indicating that multiple domains of TAK1 contributed to the binding (Fig. 4D).
Molecular docking simulations further supported a model of extensive, multi-domain interaction
between TRIM36 and TAK1, rather than binding mediated by a single, localized site or fragment (Fig.
S4A). Collectively, these data delineate a direct and extensive interaction between TRIM36 and TAK1,
providing a structural basis for the ensuing functional regulation.

TRIM36 drives pro-inflammatory signaling via K63-ubiquitination
and activation of TAK1

Having established the physical interaction between TRIM36 and TAK1, we next asked whether TRIM36
mediates the ubiquitination of TAK1. Upon co-expression in HEK293T cells, TRIM36 enhanced TAK1
ubiquitination in a dose-dependent manner (Fig. 5A). This effect was confirmed under physiological
conditions, as TRIM36 deficiency significantly attenuated TAK1 ubiquitination in BMDMs (Fig. 5B). To
ascertain the specificity of this effect, we generated a RING domain-deleted TRIM36 mutant (ARING) and
found that it failed to promote TAK1 ubiquitination, demonstrating that TRIM36 acts as a bona fide E3
ligase for TAK1 in a RING-dependent manner (Fig. 5C).

We next determined the linkage specificity of TRIM36-mediated ubiquitination. Immunoblotting with
linkage-specific antibodies revealed that TRIM36 predominantly catalyzed K63-linked polyubiquitination
of TAK1, a finding consistent between HEK293T cells and BMDMs (Fig. 5D, E). To pinpoint the specific
acceptor site, we generated lysine-to-arginine point mutants at TAK1 positions 34, 158, 209, and 562 -
residues selected based on prior reports of potential K63-linked ubiquitination sites[34]. Among these,
the K158R mutation caused a marked reduction in ubiquitination, conclusively identifying lysine 158 as
the primary site for TRIM36-mediated K63-linked ubiquitination on TAK1 (Fig. 5F).

To functionally validate that TRIM36 potentiates TLR4-induced inflammatory responses through TAK1,
we overexpressed TRIM36 in wild-type BMDMs and simultaneously knocked down TAK1. Overexpression
of TRIM36 alone markedly enhanced LPS-induced phosphorylation of downstream signaling
components (TAK1, IkBa, and p65) and the secretion of pro-inflammatory mediators (IL-1B, IL-6, TNF-q,
and NO). Notably, knockdown of TAK1 by siRNA completely abrogated the TRIM36-mediated
enhancement of IL-1B and IL-6 secretion, whereas the elevated levels of TNF-a and NO were only
partially attenuated and remained significantly higher than the control group (Fig. 6B). Despite this
partial effect on TNF-a and NO, the overall data demonstrate that TRIM36 critically depends on TAK1 to
drive the majority of its pro-inflammatory program, with IL-1 and IL-6 being strictly TAK1-dependent.
Collectively, these results indicate that TRIM36 functions as an upstream activator of TAK1, and that the
TRIM36-TAK1 axis is a primary mediator of TRIM36-induced hyperinflammation.
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TRIM36 potentiates inflammatory responses in human
THP-1 M and correlates with sepsis severity

To further validate the pro-inflammatory role of TRIM36 in sepsis, we employed human THP-1-derived
macrophages (THP-1 M) and performed TRIM36 knockdown followed by LPS stimulation (Fig. 7A).
Consistently, reduced activation of the TLR4 signaling pathway was observed upon TRIM36 knockdown,
as indicated by decreased phosphorylation levels of TAK1, IkBa, and p65 (Fig. 7B). We next measured
the levels of pro-inflammatory mediators (IL-1B, IL-6, TNF-a, and NO) in the culture supernatants and
found that TRIM36 knockdown led to significantly lower secretion of these mediators (Fig. 7C).
Interrogation of the public transcriptomic database GEO (dataset GSE54514) revealed that TRIM36
transcript levels were significantly higher in non-survivors of sepsis than in survivors (Fig. 7D).
Collectively, these findings further support a pro-inflammatory role for TRIM36 in human sepsis, wherein
its elevated expression is associated with poor patient outcomes. Targeting TRIM36 may therefore
represent a novel therapeutic strategy for sepsis.

Discussion

In this study, we identified TRIM36 as a previously unrecognized critical positive regulator of
hyperinflammation in sepsis (Fig. 7E). We found that LPS stimulation robustly upregulated TRIM36
expression in macrophages and that genetic ablation of Trim36 in vivo or its knockdown in vitro
effectively attenuated systemic inflammatory responses and cytokine hypersecretion. Mechanistically,
we found that TRIM36 directly interacted with TAK1 and catalyzed its K63-linked ubiquitination at lysine
158, a prerequisite for full activation of the TAK1-IkBa—NF-kB signaling axis. Collectively, our findings
from cellular models, animal studies, and human data analysis establish TRIM36 as a novel and potent
amplifier of TLR4 signaling and a promising therapeutic target for sepsis.

TAK1 is a master regulator that sits atop multiple inflammatory cascades, and its activity is tightly
controlled by various post-translational modifications[7]. Although K63-linked ubiquitination is known to
be crucial for TAK1 activation, the specific E3 ubiquitin ligases that mediate this modification in the
context of TLR4 signaling and sepsis have remained incompletely defined[34]. Our work directly
addresses this knowledge gap by identifying TRIM36 as the essential E3 ligase responsible for TAK1
ubiquitination and activation upon LPS challenge. The specificity of this interaction is highlighted by our
findings that TRIM36 binds TAKT, but not other key components such as TRAF6, TAB1, TAB2, or MYD88,
and that its RING domain is indispensable for its catalytic activity. This places TRIM36 as a dedicated
and non-redundant regulator of TAK1. Furthermore, our precise mapping of the ubiquitination site to
lysine 158 (K158) on TAK1 provides a molecularly defined mechanism for TRIM36-dependent signaling
amplification. The extensive, multi-domain interaction between TRIM36 and TAK1, supported by our
molecular docking data, suggests the formation of a stable complex that ensures efficient and specific
ubiquitination.
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Our findings are consistent with the emerging role of TRIM family proteins as pivotal modulators of
innate immunity and inflammatory pathways|[18]. Several TRIM members have been reported to regulate
TLR signaling, albeit often with divergent and context-dependent functions. For example, some TRIM
proteins act as negative regulators by targeting signaling components for degradation[20, 22], whereas
others, such as TRIM36, serve as positive amplifiers. Our study adds a crucial layer to this understanding
by delineating a clear mechanism: TRIM36-mediated K63-linked ubiquitination directly activates TAK1.
The clinical relevance of this mechanism is strongly supported by our analysis of human transcriptomic
data, which revealed a significant association between elevated TRIM36 levels and mortality in patients
with sepsis. This correlation suggests that the TRIM36—-TAK1 axis is not merely a mechanistic finding in
mice but is also operational and pathologically significant in human disease.

The functional consequences of disrupting the TRIM36—TAK1 axis are profound. Trim36 deficiency led
to a marked attenuation of the systemic inflammatory response in vivo, as evidenced by improved
survival, mitigated hypothermia, reduced lung injury, and decreased levels of pro-inflammatory cytokines
in both bronchoalveolar lavage fluid (BALF) and serum. At the cellular level, Trim36™~ macrophages
exhibited a blunted response to LPS, characterized by diminished phosphorylation of TAK1, IkBa, and
p65, and a failure to fully polarize towards a pro-inflammatory M1 phenotype. The rescue of the
inflammatory phenotype upon TAK1 overexpression in Trim36~~ macrophages provides direct functional
evidence that TAK1 is the primary downstream effector of TRIM36. This places TRIM36 upstream of a
critical bottleneck in the inflammatory signaling network, making it an attractive target for therapeutic
intervention.

Our functional rescue experiments revealed a notable divergence in the TAK1 dependency of different
pro-inflammatory mediators induced by TRIM36. Whereas TRIM36-mediated IL-1B and IL-6 production
was completely abrogated upon TAK1 knockdown, TNF-a and NO secretion was only partially attenuated
and remained significantly elevated in the absence of TAK1 (Fig. 6B). This observation suggests that
TRIM36 may engage multiple downstream signaling axes. It is well documented that IL-1B and IL-6 are
canonical NF-kB target genes whose expression is tightly coupled to the TAK1-IKK-NF-kB pathway. In
contrast, TNF-a and iNOS (the enzyme responsible for NO production) can also be regulated by
alternative mechanisms, including AP-1-mediated transcription and the JAK-STAT pathway[35-37].
Therefore, while the TRIM36-TAK1 axis constitutes a major pathway driving hyperinflammation,
additional TAK1-independent mechanisms may contribute to the full spectrum of TRIM36-mediated
inflammatory responses. Future studies aimed at identifying other ubiquitination targets of TRIM36 will
be necessary to fully understand its regulatory network.

One limitation of our study is the primary use of an LPS-induced endotoxemia model. Future work using
polymicrobial models, such as cecal ligation and puncture (CLP), would strengthen the clinical relevance
of our findings. An additional important aspect for future investigation concerns the temporal dynamics
of TRIM36 expression and function across different phases of sepsis.
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In conclusion, our study unveils a novel and sophisticated mechanism of inflammatory regulation in
sepsis. We identify TRIM36 as an essential E3 ligase that orchestrates the activation of the TAK1-IkBa-
NF-kB pathway through K63-linked ubiquitination, thereby driving the hyperinflammatory response that
characterizes early sepsis. The combination of mechanistic depth, validation in human data, and
demonstration of efficacy in preclinical models highlights the translational potential of our findings.
Targeting the TRIM36—-TAKT1 interaction interface or the catalytic activity of TRIM36 represents a
promising therapeutic strategy for precision anti-inflammatory therapy in sepsis.

Materials and methods
Mice

Trim36~/~ mice and their Trim36** littermate controls on a C57BL/6 background were generated by
Cyagen Biosciences (Suzhou, China). All mice were maintained under specific pathogen-free (SPF)
conditions and were used at 6—12 weeks of age. Group assignment was randomized. All mice were all
C57BL/6 background and maintained in the Lab Animal Center of Guangzhou Medical University under
specific pathogen-free conditions. All animal experiments were conducted in accordance with protocols
approved by the Medical Ethics Board and the Biosafety Management Committee of Guangzhou Medical
University. All mice were used at an age of 6—12 weeks and were randomly divided into different groups.

LPS-induced sepsis model

Male mice were used in the animal model to avoid the potential influence of estrogen on survival and
inflammation during sepsis. LPS (L4516, Sigma-Aldrich, 10 mg/kg) was administered intraperitoneally to
induce endotoxemia. Eight-week-old male Trim36*/* and Trim36~/~ mice were euthanized by CO,
inhalation 24 h after LPS injection, and samples were collected for measurement of inflammatory
mediators.

Bronchoalveolar lavage fluid (BALF) collection

BALF was obtained by cannulating the trachea, followed by lavage with 1 mL of ice-cold PBS. The PBS
was instilled and withdrawn three times, and the final lavage fluid was collected for subsequent analysis.

Histological analysis

Lung lobes were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned. The sections were
then stained with hematoxylin and eosin (H&E) for assessment of pathological inflammatory infiltration.

Isolation of peritoneal macrophages

Peritoneal macrophages were harvested by intraperitoneal injection of 5 mL of ice-cold complete
RPMI-1640 medium. After gentle abdominal massage for 3 min, the lavage fluid was aspirated. Cells
were pelleted by centrifugation at 500 x g for 3 min and washed once with 1 mL of PBS prior to flow
cytometry staining.
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Flow cytometry for surface marker staining

Peritoneal macrophages were stained for surface markers with anti-mouse F4/80-BG Violet450
(02922-40-100, BioGems), anti-mouse CD11b-PE (03221-60-100, BioGems), anti-mouse CD80-PE-Cy5
(MA5-28657, Invitrogen), and anti-mouse CD86-APC (08912-80-100, BioGems). Cells were incubated
with appropriately titrated antibodies in staining buffer at 4°C for 30 min. After incubation, the cells were
washed and resuspended in fresh staining buffer prior to acquisition. Flow cytometry was performed on
a Beckman CytoFLEX S flow cytometer, and data were analyzed using FlowJo software (version 10.8.1).

Cell culture

HEK293T and THP-1 cell lines were obtained from the American Type Culture Collection (ATCC).
HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,; Corning, USA), and
THP-1 cells were cultured in RPMI-1640 medium (Corning, USA), both supplemented with 10% fetal
bovine serum (FBS; Corning, USA). Bone marrow-derived macrophages (BMDMs) were isolated from 6-
to 8-week-old C57BL/6 mice under aseptic conditions. Precursor cells were differentiated in DMEM
containing 10% FBS and 40 ng/mL macrophage colony-stimulating factor (M-CSF) at 37°C with 5% CO.,.
The medium was replenished with fresh M-CSF (40 ng/mL; Novoprotein, China)-containing medium on
days 3 and 5. Differentiated BMDMs were ready for experimentation by day 7.

Induction of THP-1-derived macrophages (THP1-M¢w)

THP-1 cells were differentiated into MO macrophages by treatment with 25 ng/mL phorbol 12-myristate
13-acetate (PMA) in RPMI-1640 complete medium (supplemented with 10% FBS) for 5 days. Following
differentiation, the cells were washed three times with PBS and subsequently rested in PMA-free
complete medium for 24 h prior to subsequent experiments.

Adenoviral overexpression and siRNA transfection

Adenoviruses for overexpressing TRIM36 (Ad-Trim36) and the corresponding control virus (Ad-Ctrl) were
obtained from HanYi Biotech. Knockdown or overexpression experiments were performed according to
the manufacturer’s instructions. siRNAs targeting Tak1 (siTak7) and a negative control siRNA
(siNegative) were purchased from Tsingke Biotech.

For adenovirus-mediated overexpression, cells in six-well plates were infected at a multiplicity of
infection (MOI) of 150. The viral infection was performed in 1 mL of complete DMEM containing the
appropriate volume of adenovirus stock and Polybrene. After gentle mixing, the virus-containing medium
was added to the cells. Following incubation for 6—8 h, the medium was replaced with fresh complete
DMEM. The cells were then cultured for an additional 24 h prior to further experiments.

For siRNA-mediated knockdown, the transfection procedure was as follows: Solution A was prepared by

mixing 80 nM siRNA with 250 pL of Opti-MEM medium (31985070, Gibco) and incubating at room

temperature for 10 min. Solution B was prepared by diluting 10 pL of Lipofectamine RNAIMAX

(13778030, Invitrogen) in 250 pL of Opti-MEM medium, followed by incubation at room temperature for
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10 min. Solution C was then formed by combining Solutions A and B and incubating the mixture at room
temperature for an additional 10 min. Subsequently, 500 pL of Solution C was added to cells seeded in
six-well plates. The total volume was adjusted to 1 mL with Opti-MEM. After incubation in the CO,
incubator for 6—8 h, the transfection mixture was removed, and the cells were washed three times with
PBS. Fresh complete RPMI-1640 medium was then added, and the cells were cultured for another 24 h
before subsequent stimulation experiments.

Plasmid constructs and transfection

The following expression vectors were generated by inserting synthesized complementary DNAs into the
pcDNA3.1 vector (Sangon Biotech, China): pcDNA3.1-Trim36-3xFLAG, pcDNA3.1-Tak71-HA,
pcDNAS3.1-Traf6-HA, pcDNA3.1-TabT-HA, pcDNA3.1-Tab2-HA, pcDNA3.1-Myd88-HA, pcDNA3.1-Ub-V5,
pcDNA3.1-A-RING-Trim36-FLAG, pcDNA3.1-Trim36(1-345)-FLAG, pcDNA3.1-Trim36(155-345)-HA,
pcDNA3.1-Trim36(207-345), pcDNA3.1-Trim36(271-728)-FLAG, pcDNA3.1-Trim36(511-728),
pcDNA3.1-Tak1(1-300)-HA, pcDNA3.1-Tak1(301-579), pcDNA3.1-Tak71(K34R)-HA,
pcDNA3.1-Tak1(K158R)-HA, pcDNA3.1-Tak1(209R)-HA, pcDNA3.1-Tak1(K562R)-HA, pcDNA3.1-K0-Ub-VS5,
pcDNAS3.1-K6-Ub-V5, pcDNA3.1-K11-Ub-V5, pcDNA3.1-K27-Ub-V5, pcDNA3.1-K33-Ub-V5,
pcDNA3.1-K48-Ub-V5, and pcDNA3.1-K63-Ub-V5. All plasmids were sequenced to confirm the presence
of the designed mutations without any unintended alterations. Plasmids of the indicated quality and
quantity were transfected into the indicated cells using PEI (Sigma-Aldrich, USA) according to the
manufacturer’s instructions.

RNA extraction and quantitative real-time PCR

BMDMs were lysed with 1 mL of TRIzol Reagent (Thermo Fisher Scientific, USA) for total RNA isolation.
RNA concentration and purity were analyzed using a Nanodrop 2000c Spectrophotometer (Thermo
Fisher Scientific, USA). Equal amounts of RNA were then reverse-transcribed into cDNA using the
TransScript Uni All-in-One First-Strand cDNA Synthesis SuperMix Kit (TransGen Biotech, China). The
relative mRNA levels of target genes were quantified by gPCR using the TransStart Top Green gPCR
SuperMix kit (TransGen Biotech, China) on a LightCycler96 (Roche, Switzerland). Actb (encoding B-actin)
was used as an endogenous reference for normalization. Data were analyzed using the 2 22T method.
Primer sequences are listed in Supplementary Table 1.

Western blot

Cells were washed three times with ice-cold PBS and then lysed in lysis buffer [20 mM HEPES (pH 7.9),
10 mM KCI, T mM EDTA, 400 mM NaCl, 0.5% NP-40, and 5% glycerol] containing 1/10 volume of
Phosphatase Inhibitor Cocktail (Roche, Switzerland) and 1 mM dithiothreitol (DTT; Sigma-Aldrich, USA).
Protein concentrations were quantified using the Quick Start Bradford Dye Reagent (Bio-Rad, USA).
Protein samples were denatured at 95°C for 10 min, separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to a polyvinylidene difluoride (PVDF) membrane (Merck
Millipore, Germany). The membrane was blocked in 5% bovine serum albumin (BSA; Sigma-Aldrich, USA)
for 1 h at room temperature and then incubated overnight at 4°C with rotation with the primary
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antibodies listed below: TRIM36 (Proteintech, 25913-1-AP), B-actin (Trans, HC201), GAPDH (Proteintech,
60004-1-1g), p65 (CST, 4764S), phospho-p65 (CST, 3033S), TBK1 (CST, 3013S), phospho-TBK1 (CST,
5483S), IRF3 (CST, 4302), phospho-IRF3 (CST, 79945), AKT (CST, 4691S), phospho-AKT (CST, 4060S),
JNK (CST, 9252S), phospho-JNK (CST, 9251S), p38 (CST, 2307S), phospho-p38 (CST, 4511S), TAK1
(Abclonal, A19077), phospho-TAK1 (Abclonal, A9437), IkBa (Abclonal, A19714), phospho-IkBa (Abclonal,
AP0707), ubiquitin (Proteintech, 10201-2-AP), K63-linkage-specific polyubiquitin (CST, 5621), HA tag
(Abclonal, AE105), FLAG tag (MBL, M185-3L), and V5 tag (Immunoway, YM3005). The membranes were
then incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies [goat
anti-mouse IgG (H + L), 31430; goat anti-rabbit IgG F(ab'),, 31234; Thermo Fisher Scientific] for 1 h at
room temperature and visualized using Plus-ECL (FDbio Science, China) according to the manufacturer’s
protocol.

Co-immunoprecipitation (Co-IP) assay

Whole-cell extracts were harvested 48 h after transfection and lysed in immunoprecipitation (IP) buffer
[1% (v/v) NP-40, 1.5 M Tris-HCI (pH 8.8), 0.5 M EDTA, 5 M NaCl, and protease inhibitors (Roche,
Switzerland)]. The lysates were subsequently sonicated for 10 min at 4°C using an ultrasound disruptor
(Diagenode Bioruptor, Belgium), followed by centrifugation at 12,000 rpm (revolutions per minute) for 10
min at 4°C. The resulting supernatant was quantified for protein content, yielding approximately 1 mg of
protein. The protein sample was then incubated with 2 pg of the respective antibody overnight at 4°C.
Subsequently, the protein-antibody complexes were incubated with Protein A/G magnetic beads (MCE,
China) for 1-2 h. The beads were then washed five times with IP buffer (1x PBS containing 0.5%
Tween-20, pH 7.4). For immunoblotting, immunoprecipitants or whole-cell lysates were eluted with SDS
sample buffer by boiling for 5 min. The resulting samples were then subjected to SDS-PAGE, transferred
onto nitrocellulose membranes, and blotted with the indicated antibodies.

Enzyme linked immunosorbent assay

Cytokine concentrations in serum and cell culture supernatants were measured using mouse IL-18, IL-6,
and TNF-a ELISA kits (MultiScience, China) according to the manufacturer’s instructions. For serum
collection, peripheral blood samples from mice were obtained by eyeball extirpation and allowed to clot
for 30 min at room temperature, followed by centrifugation at 3000 rpm for 10 min. Cell culture
supernatants were harvested from infected cells and used for cytokine analysis.

Griess assay

A Cells were cultured overnight in 12-well plates (5 x 10° cells per well, 1 mL of medium per well) and
then treated with LPS for the indicated times. Culture supernatants were collected and used to measure
nitric oxide (NO) production. NO levels were determined using a commercial Griess assay kit (Promega,
USA) according to the manufacturer’s instructions. Briefly, 50 L of cell culture supernatant was mixed
with 50 pL of sulfanilamide solution and incubated at room temperature for 10 min in the dark. Then, 50
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uL of NED solution was added, followed by incubation at room temperature for another 10 min.
Absorbance was measured at 520 nm using a microplate reader.

Molecular docking simulation

The three-dimensional structures of TRIM36 and TAK1 in PDB format were retrieved from the AlphaFold
models provided by the UniProt database (https://www.uniprot.org). Protein—protein docking was
performed using the HDOCK server (http://hdock.phys.hust.edu.cn) with default parameters, with
TRIM36 set as the receptor and TAK1 as the ligand. Structural visualization and annotation of key
interacting residues and hydrogen bonds were carried out using PyMOL (The PyMOL Molecular Graphics
System).

Statistics

All experiments were performed at least three times, and data are presented as mean = SD. When
multiple samples were used, they represented biological replicates of mice randomly assigned to each
experimental group, rather than technical replicates. No blinding was performed during the animal
experiments. Statistical analysis was performed using Prism 9 (GraphPad Software). Unpaired two-tailed
Student’s t-tests were used to compare two groups with similar variances. Statistical significance was
defined as a P value of less than 0.05.
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Figure 1

TRIM36 exerts a pro-inflammatory role in BMDMs. (A) Heatmap showing mRNA expression levels of
TRIM family members in BMDMs treated with LPS (100 ng/mL) for different durations (n = 3). (B, C)
Violin plots depicting the distribution of TRIM36 transcript levels in sepsis patients compared to healthy
controls, analyzed from GEO datasets. (B: Healthy, n = 18; Sepsis, n = 52; and C: Healthy, n = 20; Sepsis, n
=10). (D, E) Time-dependent changes in Trim36 mRNA and protein expression in BMDMs and THP-1
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cells following LPS (100 ng/mL) stimulation (n = 3). (F, G) Transcript levels and secretion of M1-type
inflammatory cytokines (I/7b/IL-1B, I16/1L-6, Tnfa/TNF-a, Nos2/NO) in LPS-stimulated BMDMs from
Trim36*/* and Trim367" mice across various time points (n = 3). Data are presented as mean * SD.
Statistical significance was determined by the Mann-Whitney U test (B, C) and by two-way ANOVA with
Sidak’s post-hoc test (F, G).
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TRIM36 mediates sepsis progression in mice. (A) Schematic of the murine sepsis model induced by
intraperitoneal injection of LPS (10 mg/kg). Body temperature and survival rate were monitored for 96 h,
and inflammatory injury was assessed at 24 h. (B) Rectal temperature measurements of Trim36*/* and
Trim367" mice every 12 h after LPS challenge (n = 5). (C) Comparative survival analysis of Trim36*/* and
Trim367 mice over 96 h (n = 5). (D) Representative images of H&E-stained lung tissues from LPS-
challenged mice. Scale bars, 700 pm (overview) and 100 pm (inset). (E, F) Quantitative analysis of IL-18,
IL-6, TNF-a, and NO levels in BALF (E) and serum (F) from mice at 24 h after LPS injection (n = 4-6). Data

were presented as mean = SD. Statistical analysis was performed by two-way ANOVA with Sidak’s post-
hoc test (B) or log-rank test (C).
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Figure 3

TRIM36 promotes the activation of the TLR4 signaling pathway in macrophages. (A, B) Time course of

LPS-induced phosphorylation of key inflammatory signaling molecules in Trim36*/* and Trim367-

BMDMs. Representative immunoblots (A) and corresponding quantification (B) of phosphorylated

proteins are shown. Cells were stimulated with LPS (100 ng/mL) for the indicated times (n = 3). (C, D)

Immunoblot analysis of TLR4 pathway components in Trim36*/* and Trim36”- BMDMs upon brief LPS
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stimulation. Representative images (C) and quantification (D) of protein expression levels at 0, 5, 15, and

30 minutes after LPS (100 ng/mL) treatment are shown (n = 3). Data are presented as mean * SD.
Statistical significance was determined by two-way ANOVA with Sidak’s post-hoc test (B, D).
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TRIM36 establishes an extensive interaction with TAK1. (A) Interaction between exogenous TRIM36
and TAK1 was analyzed by Co-IP in HEK 293T cells co-transfected with FLAG-TRIM36 and HA-TAKT1. (B)
Endogenous interaction between TRIM36 and TAK1 in BMDMs stimulated with LPS (100 ng/mL, 1 h)
was determined by Co-IP. (C, D) Schematic diagrams of the domain structures of wild-type and deletion
mutants of TRIM36 and TAK1. Mapping of the interacting domains between TRIM36 and TAK1 by Co-IP
in HEK 293T cells expressing the indicated mutants.
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Figure 5

TRIM36 mediates specific K63-linked ubiquitination of TAK1 at K158. (A) TRIM36-mediated
ubiquitination of TAK1 was examined in HEK 293T cells co-expressing FLAG-TRIM36, HA-TAK1, and V5-
Ub and treated with MG132 (10 uM, 6 h). (B) LPS-induced ubiquitination of endogenous TAK1 was
assessed in BMDMs from Trim36*/* and Trim367- mice by immunoprecipitation of TAK1 and
immunoblotting for ubiquitin. (C) HEK 293T cells expressing HA-TAK1 and V5-Ub were co-transfected
with vector, wild-type TRIM36, or the ARING mutant and treated with MG132 (10 uM, 6 h). (D) HEK 293T
cells expressing FLAG-TRIM36, HA-TAK1, and wild-type V5-Ub or its linkage-specific mutants (KO, K6-
only, K11-only, K27-only, K33-only, K48-only, K63-only) were treated with MG132 (10 uM, 6 h). (E) BMDMs
isolated from Trim36*/* and Trim36” mice were stimulated with LPS (100 ng/mL) for 30 mins. (F) HEK
293T cells were co-transfected with FLAG-TRIM36, V5-Ub, and wild-type HA-TAK1 or its lysine-to-arginine
mutants (K34R, K158R, K209R, K562R), followed by MG132 treatment (10 pM, 6 h).
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Figure 6

TRIM36 potentiates LPS-induced inflammatory signaling and cytokine production in a TAK1-dependent
manner. (A) Western blot analysis of phosphorylated TAK1, IkBa, and p65 in wild-type (WT) BMDMs.
Cells were transduced with Ad-Ctrl or Ad-Trim36for 24 h, followed by transfection with siCtrl or siTak1 for
24 h, and then stimulated with LPS (100 ng/mL) for 5 min. (B) ELISA of IL-1B, IL-6, TNF-q, and Griess
Reagent System of NO levels in culture supernatants from BMDMs described in (A) after LPS stimulation

Page 24/26



for 6 hours (n = 3). Data are presented as mean * SD. Statistical significance was determined by two-way
ANOVA followed by Sidak’s multiple comparisons test.
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Figure 7

TRIM36 potentiates TLR4 signaling and inflammatory responses in human THP-1 M. (A) Schematic
of the experimental workflow. THP-1 monocytes were differentiated into macrophages (THP-1 M) with
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PMA (25 ng/mL, 5 days), transfected with siRNAs for 24 h, and then stimulated with LPS (100 ng/mL) for
the indicated durations. (B) Immunoblot analysis of phosphorylated TAK1, IkBa, and p65 in THP-1 Mg
transfected with control siRNA or siRNAs against TRIM36 (siTRIM36-1, -2, -3), followed by LPS (100
ng/mL, 5 min) stimulation. (C) ELISA of IL-1B, IL-6, TNF-a, and NO levels in the culture supernatants of
THP-1 M¢ from (A)after LPS stimulation (100 ng/mL, 6 h) (n = 3). (D)Violin plot showing elevated
TRIM36 transcript levels in non-survivors compared to survivors of sepsis, based on analysis of a GEO
dataset. Data are presented as mean = SD. Statistical significance was determined by two-way ANOVA
with Sidak’s post-hoc test (C) and by the Mann-Whitney U test (D). (E) Working model: TRIM36 acts as a
critical signaling amplifier in the TLR4 pathway by binding TAK1 and mediating its K63-linked
ubiquitination, which is essential for robust TAK1 and NF-kB activation. This TRIM36-dependent hyper-
inflammatory response contributes to pathological inflammation and worsened outcomes in sepsis.
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