
The immunopathogenesis of sepsis is char-
acterized by two intertwined arms of 
immune dysregulation, excessive pro-in-
flammation and sustained immunosup-
pression. Over the past three decades, 
more than 200 trials targeting pro-inflam-
matory mediators and immune checkpoint 
molecules have failed to achieve satisfac-
tory clinical responses[1]. This therapeutic 
impasse has redirected attention toward 
the often-overlooked non-immune media-
tors of septic immune dysfunction[2].

The immune responses by liver-resident 
Kupffer cells and natural killer (NK) cells 
have been extensively studied in various 
liver diseases[3]. Hepatocytes constitute the 
primary source of acute phase proteins 
(APPs), which are critically involved in a 
spectrum of chemotaxis, microbial killing, 
extracellular matrix (ECM) remodeling, 
and oxidative-stress responses. Yet the 
precise interactions between hepatocytes 
and immune cells remain poorly defined. 
Against this backdrop, Chen et al. report a 
landmark advance that addresses long-un-
resolved questions in hepatic innate im-
munity[4]. The investigators characterized 
hepatocyte-macrophage communication 
driven by a C-type lectin family (the REG3 
subfamily) that plays an important role in 
defense against bacterial infection. Impor-
tantly, they found that transforming 
growth factor-beta (TGF-β)-independent 
activation of SMAD4 in hepatocytes is in-
dispensable for host defense against bac-
terial infection[4].

In the work, Chen et al. found that Smad4 
can activate the expression of a broad set of 
genes, e.g., Reg3b and Reg3g, which pro-
mote macrophage recruitment and bacte-
rial clearance. More intriguingly, TGF-β su-
perfamily ligands were dispensable in this 
action. Instead, interleukin 6 (IL-6) and glu-
cocorticoids (dexamethasone or hydrocor-
tisone) potently up-regulate expression of 
Reg3b and Reg3g. Transcriptional activa-
tion of Reg3b/3g depends on promoter oc-
cupancy by signal transducer and activator 
of transcription 3 (STAT3) and glucocorti-
coid receptor (GR); yet SMAD4 does not 
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bind to the apparent Smad-binding ele-
ments (SBEs) on their promoters. The au-
thors therefore proposed that the tran-
scriptional activation of Reg3b and Reg3g 
by STAT3 and GR is contingent upon 
SMAD4 availability, and therefore propose 
a previously unrecognized role of SMAD4 
in the regulation of Reg3b  and Reg3g 
[Figure 1A].

Profound loss of Reg3b/Reg3g  in livers 
from Escherichia coli (E. coli)-challenged 
STAT3-depleted mice and RU486-treated 
animals indicates that both STAT3 and GR 
are essential for this transcriptional re-
sponse, indicative of strong synergism. 
The relative positioning of STAT3 response 
elements and GR response elements at 
these promoters further suggests poten-
tial modes of functional interplay. Yet, the 
mechanism underlying SMAD4-STAT3-GR 
crosstalk remains puzzling. STAT3 and GR 
exhibit impaired DNA-binding capacity in 
SMAD4-deficient liver from E. coli -chal-
lenged mice. Notably, it has been demon-
strated that STAT3 and GR could synergisti-
cally activate transcription, as exemplified 
by the α2-macroglobulin gene, through as-
sembly of a STAT3-dependent enhanceo-
some[5]. How does SMAD4 affect the syn-
ergy between STAT3 and GR on the promot-
ers of Reg3b and Reg3g? Several non-mutu-
ally exclusive proposed mechanisms can be 
envisaged. First, SMAD4 may maintain the 
epigenetic landscape at STAT3/GR-binding 
loci, consistent with prior work from Deng’s 
laboratory documenting SMAD4-depen-
dent histone-methylation regulation[6], 
which may affect the recruitment of STAT3 
and/or GR. In addition, it will also need 
confirmation through the structure-func-
tion rescue in the Smad4-null background 
[wild-type vs. mad homology 1 (MH1) vs. 
MH2 mutants] and chromatin-state analy-
sis of the Reg3b/3g locus in control vs. liv-
er-specific Smad4 knockout (LKO) liver 
[accessibility and acetylation of histone 
H3 at K27 (H3K27ac)]. Secondly, whether 
additional SMAD proteins participate re-
mains to be tested. SMAD3 is one candi-
date, as it binds GR[7] and STAT3[8]; notably, 
however, STAT3 can also compete with 

SMAD4 for SMAD3 binding. Moreover, 
SMAD1 has been reported to cooperate 
with STAT3 in driving astrocyte differenti-
ation, although in that setting the two are 
bridged by p300 rather than contacting 
each other directly[9]. Both SMAD1 and 
SMAD3 form canonical heteromeric com-
plexes with SMAD4. Whether an R-SMAD 
such as SMAD3 or SMAD1 would therefore 
bridge SMAD4 to the STAT3/GR complex, 
or instead sequester SMAD4 away from it, 
cannot be predicted a priori. Additionally, 
gain-of-function experiments will address 
a different question: because no TGF-β or 
bone morphogenetic protein (BMP) ligand 
induces Reg3b/Reg3g when applied alone, 
ligand addition in combination with 
STAT3- and GR-activating stimuli (IL-6 plus 
glucocorticoid) will be informative, which 
tests whether TGF-β superfamily ligands 
potentiate the transcription of Reg3b/
Reg3g. Combined agonists may enable the 
recruitment of SMAD4 as a co-factor to 
chromatin alongside STAT3 and GR. Irre-
spective of these unresolved mechanistic 
details, Chen et al. have established a pre-
viously unrecognized role for hepatic 
SMAD4 in antibacterial defense[4].

The Reg3 family contributes to intestinal 
immune homeostasis and cardiac anti-in-
fective protection[10]. This work delivers a 
conceptual leap in REG3-family biology by 
identifying infection-triggered hepatic 
Reg3b  and Reg3g  production[4]. Hepatic 
Reg3b and Reg3g expression was not rec-
ognized prior to this study. Remarkably, 
hepatocyte-specific SMAD4 deletion does 
not alter Reg3b/Reg3g  levels in extrahe-
patic tissues (intestine, spleen, kidney), in-
dicating cell- intrinsic control of the 
SMAD4-Reg3 regulatory axis. Future work 
should address whether SMAD4 governs 
REG3 expression in other organs, which 
could broaden the biological scope of these 
findings.

The investigators also uncovered a new 
function of Reg3b/Reg3g in this study. Be-
sides the multifaceted roles previously as-
cribed to Reg3 proteins, including direct 
bactericidal activity and modulatory ef-
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fects on macrophage killing/polarization. 
Notably, rigorous in vivo experimentation 
yields a key conceptual demarcation: 
Reg3-mediated host protection operates 
primarily via monocyte-macrophage re-
cruitment rather than direct bactericidal 
action. Chen et al. managed to determine 
that Reg3b and Reg3g is essentially in-
volved in inflammation-driven monocyte/
macrophage recruitment. Nevertheless, 
the molecular mechanisms whereby 
Reg3b/Reg3g steer macrophage migration 
remain unresolved. Accumulating evi-
dence suggests that exostosin-like glycos-
yltransferase 3 (EXTL3) is an attractive 
candidate receptor in mediating Reg3 sig-
naling[11], although alternative or comple-
mentary mechanisms merit further con-
sideration.

Iron metabolism is substantially affected 
during sepsis; it is recognized to be a core 
metabolic program in establishing nutri-
tion immunity and disease tolerance to in-
fectious diseases[12]. Using well-calibrated 
dietary iron-rescue assays, the investiga-
tors achieve a critical functional separation 
between SMAD4-driven iron homeostasis 
and its antibacterial immune activity. The 

investigators rigorously interrogated the 
contribution of iron to SMAD4-mediated 
host defense by administering an iron-defi-
cient diet to correct hepatic iron levels in 
knockout mice to wild-type levels. In brief, 
they concluded that iron is not the major 
driver of the phenotype, since iron-cor-
rected knockout (KO) mice still  suc-
cumbed to E. coli  challenge. That being 
s a i d ,  i r o n  a c c u m u l a t i o n  r e m a i n s  a 
non-negligible factor in the phenotype of 
unmanipulated KO mice. Of note, diverse 
iron-related biological events, including 
cellular iron trafficking, compartmental 
iron distribution, and iron-dependent 
stress responses, exert far-reaching patho-
logical impacts across infectious, inflam-
matory, and degenerative disease set-
tings[13]. A further point of interest con-
cerns hepcidin, which has been shown to 
confer protection against sepsis in mouse 
studies[14]. Given that SMAD4 maintains 
basal hepcidin expression[6], it remains 
possible that hepcidin and other iron-re-
lated pathways may modify the disease 
outcome in this model. Future studies 
should therefore assess the involvement of 
hepcidin levels and iron-distribution pa-
rameters in SMAD4-deficient mice upon 

bacterial infection and determine whether 
manipulating these pathways alters anti-
bacterial immunity.

This study has provided a new facet of how 
the parenchymal cells regulate detrimental 
impacts during bacterial infection. Collec-
tively, these findings represent a meaning-
ful paradigm update, redefining hepato-
cytes as central immune-signaling coordi-
nators within systemic bacterial infection. 
It has the potential to spark conceptual 
debate within the field: what exactly consti-
tutes parenchymal manifestation during 
sepsis? It is now well established that the 
parenchyma is no longer a passive target of 
pathogen invasion and immune injury, but 
an active player in the pathogenesis of this 
disease [Figure 1B].

The liver serves as a representative paren-
chymal tissue. Its ability to sense infection 
and secrete APPs demonstrates its contri-
bution to disease resistance. These APPs 
can either act directly on pathogens or 
promote immune responses, as exempli-
fied by the REG protein family. On the 
other hand, the liver undergoes metabolic 
adaptation under septic conditions: it sus-
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Figure 1. Canonical and non-canonical SMAD4 signaling in host defense against bacterial infection.
(A) Scheme of SMAD4 pathway. The left panel illustrates the central role of SMAD4 in the canonical TGF-β signaling pathway, in which 
TGF-β superfamily ligands (BMP, Activin, and TGF-β) activate the SMAD complex and drive transcriptional programs for tissue repair and 
iron homeostasis. The right panel depicts one new function of SMAD4, whereby SMAD4 orchestrates inflammation-elicited STAT3 and 
GR signaling to enable transcription of APPs such as REG3 proteins; (B) Schematic overview depicting functional relationships among 
pathogens, immune-cell responses, and parenchymal-tissue outputs during bacterial infection. BMP: Bone morphogenetic protein; 
TGF-β: transforming growth factor beta; HAMP: hepcidin antimicrobial peptide; CTGF: connective tissue growth factor; SRE: Smad-
responsive element; R-SMAD: receptor-regulated Sma and Mad-related protein; IL-6: interleukin-6; STAT3: signal transducer and activator 
of transcription 3; JAK1: Janus kinase 1; GR: glucocorticoid receptor; APPs: acute-phase proteins; REG3: regenerating islet-derived 3; GRE: 
glucocorticoid-responsive element.
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tains gluconeogenesis despite sepsis-in-
duced anorexia, thereby preserving host 
fitness and survival[15]. This illustrates that 
the liver also mediates disease tolerance. 
Furthermore, the liver functions as part of 
the immune regulatory system, dampen-
ing tissue responsiveness to commensal 
microbe-derived pathogen-associated 
molecular patterns (PAMPs). Accordingly, 
the roles of parenchymal tissues during 
sepsis require careful evaluation, which 
may uncover novel pathogenic mecha-
nisms and therapeutic strategies.

Beyond bacterial infection, the newly de-
fined SMAD4-STAT3-GR functional cross-
talk opens up intriguing new conceptual 
avenues for broader biomedical research. 
IL-6-STAT3 signaling and glucocorti-
coid-GR cascades represent central signal-
ing hubs operative across a broad spec-
trum of pathological contexts, including 
sterile inflammation, metabolic liver dis-
orders, autoimmune diseases, tissue 
injury, and tumor-microenvironment re-
modeling. Whether hepatocyte SMAD4 
can similarly license STAT3-GR-driven 
transcriptional outputs in these non-infec-
tious pathological settings remains an 
open and compelling scientific question. 
It is plausible that this non-canonical regu-
latory circuitry may constitute a shared 
yet under-appreciated signaling module 
enabling parenchymal cells to integrate 
tissue-stress cues, cytokine inputs, and 
hormonal signals. Further exploration of 
this possibility may yield fresh mechanis-
tic insights and substantially expand the 
biological boundaries of SMAD-family bi-
ology beyond infection-associated host 
defense.

Taken together, this mechanistic investiga-
t i o n  o p e n s  p ro m i s i n g  t r a n s l a t i o n a l 
avenues for precision immunotherapy 
against bacterial sepsis. This study also 
provides profound translational implica-
tions for sepsis precision therapy, a field 
that currently struggles with the lack of tis-
sue-specif ic targeted inter ventions. 
Current clinical sepsis management mainly 
relies on broad-spectrum antibiotics, fluid 
resuscitation, and organ supportive treat-
ments, while general anti-inflammatory 
therapies often fail to balance immune ac-
tivation and immune suppression, leading 
to limited therapeutic effects and in-
creased adverse reactions. The identifica-
tion of the hepatic SMAD4-STAT3-GR-
Reg3b/Reg3g  axis fills the research gap of 
parenchymal cell-derived immune regula-
tory pathways in bacterial sepsis, provid-
ing a novel tissue-specific target for 

immune modulation. In addition, the 
study’s confirmation of iron-independent 
SMAD4 antibacterial function revises the 
traditional understanding that SMAD sig-
naling mediates host defense mainly 
through nutritional immunity, refining the 
regulatory network of hepatic innate 
immunity. Nevertheless, the therapeutic 
potential of the hepatic SMAD4-Reg3b/
Reg3g axis remains to be validated. Further 
exploration of the epigenetic mechanism 
underlying SMAD4-mediated transcrip-
tional regulation, the validation in addi-
tional sepsis models, and the verification 
of EXTL3 receptor function in vivo will 
help transform this basic research finding 
into potential clinical biomarkers and 
therapeutic targets, offering new direc-
tions to improve survival rates in patients 
with Gram-negative bacterial sepsis.
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