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ABSTRACT
Background  Current treatments with tyrosine kinase 
inhibitors and immune checkpoint inhibitors have limited 
efficacy for hepatocellular carcinoma (HCC) due to drug 
resistance. Emerging therapies such as chimeric antigen 
receptor T (CAR-T) and macrophage-based cell therapies 
are promising but need to be improved.
Objectives  This study investigates the role of 
macrophage NOD-like receptor family pyrin domain 
containing 6 (NLRP6) in HCC progression and its 
therapeutic potential.
Design  Immunofluorescence staining was performed 
in patient samples. Liver tumour models (autonomous, 
orthotopic, subcutaneous) were developed, and RNA 
sequencing, flow cytometry and immunohistochemistry 
were performed in wild-type, Nlrp6−/− mice, and 
cell-specific Nlrp6 knockout mice. Phagocytosis was 
assessed using particles or tumour cells. Multiomics, 
immunoprecipitation mass spectrometry, western blot 
and co-immunoprecipitation were performed to examine 
the interaction between NLRP6’s PYD domain and E-
Syt1’s SMP domain.
Results  CD68 (a macrophage marker) and NLRP6 
expression were detected in patient HCC tissues, and 
patients with lower macrophage NLRP6 expression 
had longer survival. Compared with their wild-type 
mice, Nlrp6−/− mice and macrophage cell-specific 
Nlrp6 knockout mice showed delayed tumour growth. 
Adoptive transfer of Nlrp6−/− macrophages reduced 
tumour growth in vivo. Macrophages from Nlrp6−/− 
mice were more abundant and exhibited enhanced 
phagocytosis compared with those from wild-type mice. 
Co-immunoprecipitation and phagocytosis experiments 
revealed E-Syt1 promoted phagocytosis, which was 
negatively regulated by NLRP6 through interaction with 
its PYD domain.
Conclusions  NLRP6 promotes HCC progression by 
inhibiting macrophage infiltration and suppressing 
phagocytosis via the interaction between its PYD 
domain and E-Syt1’s SMP domain. Transfer of Nlrp6−/− 
macrophages is a promising therapeutic strategy for 
reducing HCC tumour growth.

INTRODUCTION
In recent years, with the in-depth knowledge of the 
tissue structure and immune microenvironment of 

hepatocellular carcinoma (HCC), immunotherapy 
has gradually become a research hotspot for HCC 
treatment.1 The emergence of immunotherapies 
such as immune checkpoint inhibitors and adoptive 
cell therapy has brought light to the treatment of 
HCC.2 3 Adoptive immunotherapy is a promising 
therapeutic approach to target infections, autoim-
mune diseases and malignancies by infusing in vitro 
activated and expanded autologous or allogeneic 
immune effector cells into patients.4 5 In recent 
years, cellular immunotherapy has been widely used 
as a novel therapeutic modality for tumour treat-
ment and has achieved positive clinical results.6 7

Given the progress made in chimeric antigen 
receptor T cells (CAR-T) cell therapy for solid 
tumours and the potential of chimeric antigen 
receptor natural killer cells (CAR-NK), there 
is currently great interest among researchers in 
developing CAR macrophages (CAR-M) for solid 
tumour therapy.8 The main sources of CAR-M cells 
are peripheral blood mononuclear cells, iPSC and 
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human monocyte leukaemia cells (THP-1).9 CAR-M has now 
been tried for a variety of cancer treatments.10

The liver, a highly vascularised organ, is rich in innate immune 
cells, particularly macrophages.11 These macrophages, which 
include monocyte-derived macrophages and tissue-resident 
macrophages, are instrumental in mediating phagocytosis and 
exerting cytotoxic effects to control the spread of tumours 
within the liver.10 12 13 Therefore, macrophage-targeted cell 
therapy holds great potential for development in the treatment 
of HCC. However, macrophage-based therapies still have some 
limitations, one important issue is the number of cells.14 Macro-
phages have a relatively weak proliferative capacity, and patients 
receiving only a limited number of cells may affect the therapeutic 
effect.15 The second issue is the limited phagocytic capacity of 
macrophages, and enhancing their phagocytic function remains 
a critical challenge that needs to be addressed.14 16 To address 
these challenges, we discovered that NOD-like receptor family 
pyrin domain containing 6 (NLRP6) deficiency enhances macro-
phage phagocytosis and promotes their accumulation, thereby 
boosting tumour-killing effectiveness, and we further elucidated 
the underlying mechanisms involved.

This study aims to elucidate the role of NLRP6 in promoting 
HCC progression by inhibiting macrophage infiltration and 
suppressing phagocytic activity through its interaction with 
E-Syt1. Our findings demonstrate that the adoptive transfer of 
NLRP6-deficient (Nlrp6−/−) macrophages significantly inhibits 
tumour growth in vivo, providing new insights into potential 
therapeutic strategies for HCC.

METHOD
The detailed methodology and experimental procedures are 
provided in the online supplemental materials and online supple-
mental table 4.

RESULTS
NLRP6 deficiency inhibits the progression of HCC
To investigate whether liver macrophage numbers and NLRP6 
expression in macrophages are associated with liver cancer 
survival. We analysed CD68⁺macrophages and NLRP6 expres-
sion in liver tumour tissues from 29 patients who were treated 
at Peking University 302 Clinical Medical School between 2016 
and 2017. Using the median macrophage count and NLRP6 
immunofluorescence integrated optical density as cut-off values, 
survival analysis showed no correlation between macrophage 
count and survival but revealed a significant negative correla-
tion between NLRP6 expression in macrophages and survival 
(figure  1A,B, online supplemental figure 1A). These findings 
highlight a potential role for NLRP6 in macrophage-mediated 
liver cancer progression, though its direct influence remains to 
be determined. To investigate these questions, we analysed bulk 
RNA sequencing (RNA-seq) data from tumour tissues of 115 
patients with HCC (GSE76427), revealing that lower Nlrp6 
expression correlated with better overall survival (OS) and 
recurrence-free survival (figure 1C, online supplemental figure 
1B). These results highlight the association of elevated Nlrp6 
expression with poor prognosis in tumour tissues.

To determine the role of NLRP6 in the progression of HCC, 
we established a subcutaneous transplantation model by inoc-
ulating Hepa1-6 cells into the axilla of wild-type (WT) and 
Nlrp6−/− mice and monitored tumour growth (figure 1D). The 
results demonstrated that both tumour volume and weight were 
significantly greater in the WT group compared with those in the 
Nlrp6−/− group (figure 1E–G).

Subsequently, we used a diethylnitrosamine (DEN)-induced 
HCC model in both WT and Nlrp6−/− mice (figure 1H,I). Our 
results revealed that NLRP6 significantly promoted HCC devel-
opment. As illustrated in figure 1J–M and online supplemental 
figure 2A, WT mice consistently developed more tumours in 
the liver than Nlrp6−/− mice, with a notably higher number of 
tumour nodules and larger tumour sizes observed in the WT 
group.

We further extended our studies using a DEN plus CCL4 
mouse model, designed to simulate HCC development through 
fibrosis caused by repeated liver injury (figure 1N,O). Consistent 
with previous results, the Nlrp6−/− group exhibited a signifi-
cantly lower tumour burden compared with the WT group 
(figure 1P–S, online supplemental figure 2B).

Recognising that repeated liver injury is not the sole contrib-
utor to HCC development17 we investigated whether NLRP6 
deficiency could also inhibit HCC driven by oncogenic muta-
tions. To this end, we injected PX330-P53, C-myc-PT3EF1a and 
pCMV(CAT)T7-SB100 (online supplemental table 1) used high-
density transposon vector (HDTV) to induce HCC in WT and 
Nlrp6−/− mice18 (figure 1T,U). After 5 weeks, the HDTV model 
resulted in a 100% tumour formation rate in the WT control 
group (4/4), while only 25% (1/4) of the Nlrp6−/− group devel-
oped tumours (online supplemental figure 2C). Additionally, 
the Nlrp6−/− group displayed a significantly reduced maximum 
diameter and number of liver tumours compared with the WT 
group (figure 1V–Y).

Across all four models, the deletion of the NLRP6 gene consis-
tently resulted in significant tumour shrinkage or complete 
tumour regression, underscoring the critical role of NLRP6 in 
HCC formation.

Deletion of NLRP6 increased macrophage infiltration and 
phagocytosis
To illustrate the mechanism by which NLRP6 influences HCC 
progression, RNA-seq was used to compare transcriptional 
differences in tumour tissues from a subcutaneous transplanta-
tion model, where Hepa1-6 cells were inoculated into the axillae 
of WT and Nlrp6−/− mice. The enrichment analysis revealed that 
the primary differences between the two groups were related 
to the immune system, particularly the innate immune response 
(figure 2A,B). We then conducted a gene signature analysis using 
ImmuCellAI-mouse19 to evaluate the abundance of various 
immune cell types based on gene expression profiles (figure 2C). 
This analysis showed an increased expression of macrophage-
related genes in Nlrp6−/− tumours (figure 2D).

To better characterise the macrophage subsets involved in 
NLRP6-mediated effects, we performed double immunofluo-
rescence staining using IBA1 (a pan-macrophage marker) and 
CLEC4F (a Kupffer cell-specific marker)20–25 in DEN-induced 
HCC tissues from WT and Nlrp6−/− mice, including both tumour 
and peritumoural tissues. The results revealed a significant 
increase in IBA1+ CLEC4F+ Kupffer cells, IBA1+ macrophages 
in the liver tissue of Nlrp6−/− mice, indicating an expansion of 
resident macrophages in the peritumoural region. IBA1+ macro-
phages infiltrate more in the tumour tissues of Nlrp6−/− mice 
compared with WT. Notably, these double-positive cells were 
largely absent from the tumour core, suggesting limited Kupffer 
cell infiltration into the tumour microenvironment despite 
their overall increase in the liver (figure 2E). To further inves-
tigate the immune mechanisms underlying the reduced tumour 
burden observed in Nlrp6−/− mice, we performed flow cytom-
etry to profile myeloid cell infiltration in the liver tumour 
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Figure 1  NLRP6 deficiency inhibits HCC proliferation in vivo. (A) The 29 patients were divided into high and low groups based on the median of 
macrophage count, and overall survival time was compared between the two groups. The log-rank test was used in the overall survival analysis. 
(B) Using the median NLRP6 immunofluorescence integrated optical density as cut-off values, overall survival time was compared between the two 
groups. The log-rank test was used in the overall survival analysis. (C) Kaplan-Meier analysis of overall survival (OS) in 115 patients with HCC from 
the GSE76427 dataset. Patients were categorised into NLRP6 low (n=72) and NLRP6 high (n=43) expression groups based on the optimal cut-off 
value. (D) Hepa1-6 tumour cells were subcutaneously inoculated into WT and Nlrp6−/− mice. Representative images of xenograft tumours derived from 
Hepa1-6 cells in the two groups of mice. (E) Tumour weight (F) tumour volume (G) tumour growth curves were compared between WT and Nlrp6−/− 
groups. (H–M) Representative images of HCC formation in a DEN-induced HCC mouse model with WT (n=8) or Nlrp6−/− (n=8) mice. Hematoxylin 
and Eosin staining was used to determine the tumour area. Tumour area percentage, liver-to-body weight ratio (L/BW), tumour nodule counts per 
liver and tumour sizes were quantified and compared. (N–S) Representative images of HCC formation in a DEN plus CCl4-induced HCC model with 
WT (n=9) and Nlrp6−/− (n=9) mice. Tumour area percentage (remove extreme values), L/BW, tumour nodule counts per liver and tumour sizes were 
quantified and compared. (T–Y) Schematic flow of the hydrodynamic tail vein injection HCC mouse model. Representative images of HCC formation 
in WT (n=4) and Nlrp6−/− (n=4) mice using PX330-P53, C-myc-PT3EF1a, and pCMV(CAT)T7-SB100 at 5 weeks post-injection. Tumour area percentage, 
L/BW, tumour nodule counts per liver and tumour sizes were quantified and compared. (G) Two-way ANOVA was used. (E, F, J, K, L, M, P, Q, R, S, V, W, 
X, Y) Unpaired t-test was used. Mean with SD. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 from unpaired t-test and two-way ANOVA. ANOVA, 
analysis of variance; DEN, diethylnitrosamine; HCC, hepatocellular carcinoma; NLRP6, NOD-like receptor family pyrin domain containing 6; WT, wild-
type.
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Figure 2  Deletion of NLRP6 increased macrophage infiltration and phagocytosis. (A) Reactome enrichment analysis of differentially-expressed 
genes (DEGs) from RNA-seq data comparing wild-type (WT) and Nlrp6−/− tumours. (B) KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment 
analysis of DEGs from RNA-seq data. (C) Primary results of immune cell infiltration analysis using ImmuCellAI-mouse on RNA-seq data, showing 
changes in immune cell populations between WT and Nlrp6−/− groups. (D) Heatmap depicting normalised (z score) values of top DEGs related to 
macrophage function, showing the differences between WT and Nlrp6−/− groups. (E) Immunohistochemical staining of IBA1 (red) and CLEC4F (green) 
in liver peritumoural and tumour tissue from diethylnitrosamine-induced HCC mouse models of WT and Nlrp6−/− mice. (F) Flow cytometry analysis of 
the number of Kupffer cells, monocyte-derived macrophages, macrophages and neutrophils in liver tumours from Nlrp6−/− and WT mice. (G–H) HCC 
model in conditional knockout mice (n=4 per group). Alb-Cre+Nlrp6f/f; Cx3cr1-Cre+Nlrp6f/f and S100a8-Cre+Nlrp6f/f, Nlrp6f/f mice were injected with 
Hepa1-6 tumour cells into the portal vein of each mouse group. Liver tumour liver-to-body weight ratio, tumour count per liver and tumour size were 
compared across groups. (I) Rank sum test showing the enriched phagocytosis-related genes in Nlrp6-−/− tumours from RNA-seq data. (J) Fluorescence 
microscopy images showing phagocytic activity in macrophages isolated from liver tissues of WT and Nlrp6−/− mice. DAPI (blue): nuclei; ACTIN (green): 
macrophage morphology; Red Zymosan (red): ingested zymosan particles. Scale bar: 20 µm. (K) Retroviruses were constructed to overexpress or 
knock down NLRP6 in THP1 cells, with a control vector as reference. (L) Phagocytic activity of THP1 cells (control, shNLRP6 and oeNLRP6) assessed 
by flow cytometry after co-culture with Red Zymosan. Statistical analyses: (C, E, F, H, J, L) unpaired t-test, mean with SD; significance levels: *p<0.05; 
**p<0.01; ***p<0.001; ****p<0.0001. HCC, hepatocellular carcinoma; Kyoto Encyclopedia of Genes and Genomes; NLRP6, NOD-like receptor family 
pyrin domain containing 6; RNA-seq, RNA sequencing; WT, wild-type.
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microenvironment. To substantiate this point, we perform 
flow cytometry to quantify Kupffer (CD45+, Ly6G−, CD11bint, 
F4/80+) and neutrophils (CD45+, Ly6G+, CD11b+, F4/80−), 
monocyte-derived macrophages (MoMFs) (CD45+, Ly6G−, 
CD11b+, F4/80⁺) in the liver tumour microenvironment of 
WT, Nlrp6−/− mice (online supplemental figure 3, figure  2F). 
The results showed a significant increase in the proportion of 
infiltrating Kupffer, MoMFs and macrophages in Nlrp6−/− mice 
compared with WT controls, whereas the levels of neutrophils 
remained unchanged (figure  2F; online supplemental figure 
3A–C). To validate these findings histologically, we performed 
immunofluorescence staining of liver tissue sections using F4/80 
(green) and Myeloperoxidase (MPO) (red) to label macro-
phages and neutrophils, respectively. Consistent with the flow 
cytometry data, F4/80+ macrophages were markedly increased 
in Nlrp6−/− tumours and peritumoural tissues, while MPO+ 
neutrophils showed no significant difference between groups 
(online supplemental figure 4). Together, these results demon-
strate that the enhanced antitumour immunity observed in 
Nlrp6−/− mice is primarily mediated by increased Kupffer cells, 
MoMFs and macrophage infiltration, rather than by changes in 
neutrophil populations.

To further determine the cell-type-specific role of NLRP6 
in HCC progression, we generated conditional knockout mice 
by crossing Nlrp6f/f mice (online supplemental figure 5) with 
Cx3cr1-Cre (macrophage-specific), S100a8-Cre (neutrophil-
specific) and Alb-Cre (hepatocyte-specific) strains. To establish 
an orthotopic liver cancer model, Hepa1-6 tumour cells were 
injected into the portal vein of each mouse group (figure 2G). 
Liver tumours were evaluated 2 weeks post-injection. As 
shown in figure  2H, Cx3cr1-Cre+Nlrp6f/f mice exhibited 
the smallest tumour burden, while S100a8-Cre+Nlrp6f/f 
and Alb-Cre+Nlrp6f/f mice showed no significant difference 
compared with Nlrp6f/f controls. These results indicate that the 
tumour-suppressive effect observed in Nlrp6-deficient mice is 
primarily mediated by macrophages, rather than neutrophils or 
hepatocytes.

We further investigated the regulatory role of NLRP6 on 
macrophage function by analysing phagocytosis-related gene 
expression, which was upregulated in the Nlrp6−/− group 
(figure  2I). To confirm whether NLRP6 deficiency enhances 
macrophage phagocytic function, CD45+ Ly6G− CD11b+ 
F4/80+ cells were isolated from the liver tissues of Nlrp6−/− 
and WT mice and co-cultured with Red Zymosan particles in 
vitro for 2 hours. Microscopic observations and quantification 
revealed that macrophages from Nlrp6−/− mice exhibited signifi-
cantly augmented phagocytic capacity compared with those 
from WT mice (p<0.001, figure 2J).

To further validate these findings, we constructed a retroviral 
vector to overexpress or knock down NLRP6 in THP1 cells 
(online supplemental table 2). Western blot analysis confirmed 
the transfection efficiency of the retroviral constructs (figure 2K, 
online supplemental figure 6A). The phagocytic activity of these 
cells was assessed after co-culture with Red Zymosan. THP1 
cells with NLRP6 knockdown showed enhanced phagocytic 
ability, whereas those overexpressing NLRP6 exhibited dimin-
ished phagocytic function (figure 2L). The results demonstrate 
that NLRP6 negatively regulates macrophage phagocytic func-
tion. They demonstrate that NLRP6 negatively regulates macro-
phage phagocytic function.

Collectively, these findings suggest that NLRP6 promotes 
HCC progression by inhibiting macrophage infiltration and 
suppressing their phagocytic function within the liver, while 
exerting minimal effects on neutrophil recruitment or activity.

Macrophages inhibit HCC via phagocytosis, which is regulated 
by NLRP6
Our previous findings demonstrated that NLRP6 knockout 
significantly inhibits the progression of liver cancer by 
enhancing macrophage function and infiltration. Building on 
this, we hypothesised that reducing the expression of NLRP6 
in macrophages would inhibit HCC through phagocytosis, and 
that administering these macrophages as a form of cell therapy 
via intratumoural injection could effectively treat malignant 
tumours.

To test this hypothesis, we overexpressed and knocked down 
NLRP6 in THP-1 cells, as mentioned in figure 2, and co-cultured 
them with RFP-MHCC97H cells. We found that shNLRP6-
THP-1 cells enhanced their ability to phagocytose tumour cells 
(figure 3A).

To evaluate the functional impact of NLRP6-deficient 
macrophages in vivo, we performed intratumoural injection 
of bone marrow-derived macrophages (BMDMs) into estab-
lished tumours in CD45.1+ C57BL/6JCya-Ptprcem1(CD45.1)/Cya mice. 
Tumours were generated using three cancer cell lines—B16F10 
(melanoma), MC38 (colon carcinoma) and Hepa1-6 (hepatocel-
lular carcinoma). Beginning on day 4 post-tumour implantation, 
mice received intratumoural injections of CD45.2+ BMDMs 
derived from either WT or Nlrp6−/− mice, administered every 
other day for a total of eight injections.

Flow cytometry analysis confirmed successful infiltration of 
donor-derived macrophages, identified as CD45.2+F4/80+ cells 
within the tumour tissue (figure 3C) (online supplemental figure 
7). In contrast, control groups (phosphate buffered saline (PBS) 
mice) showed no CD45.2+ cells, confirming that all CD45.2+ 
F4/80+ macrophages in the tumours were derived from the 
injected BMDMs. Mice treated with Nlrp6−/− BMDMs exhibited 
significantly reduced tumour volume and weight compared with 
those receiving WT BMDMs or PBS, across all three tumour 
models (figure 3D–F). These findings demonstrate that NLRP6-
deficient macrophages have enhanced antitumour capacity, and 
support the conclusion that NLRP6 suppresses macrophage-
mediated tumour immunity in vivo.

These findings suggest that NLRP6 knockdown in macrophages 
enhances their antitumour activity, leading to more effective 
tumour suppression. This discovery highlights the potential of 
NLRP6 as a target for macrophage-based cell therapy, providing 
a promising new approach to tumour immunotherapy.

NLRP6 and E-Syt1 have a negative feedback regulatory 
mechanism in cells
To explore the pathway through which Nlrp6−/− inhibits 
macrophage phagocytosis, we used RNA-seq data from WT 
and Nlrp6−/− tumour tissues, along with proteomics data 
from BMDMs and tumour tissues of Nlrp6−/− and WT mice 
(figure  4A). RNA-seq analysis identified 5135 differentially 
expressed genes, while proteomics analysis revealed 999 differ-
entially expressed proteins in BMDMs and 812 in tumour 
tissues. By intersecting these datasets, we identified 69 genes 
that were both differentially expressed at the transcriptomic 
and proteomic levels. In addition, immunoprecipitation mass 
spectrometry using anti-NLRP6 identified 3029 proteins inter-
acting with NLRP6 (figure 4B). Further intersection of the 69 
genes with these 3029 interacting proteins narrowed the list to 
33 candidate genes. These candidates are involved in pathways 
potentially regulating macrophage phagocytosis and tumour 
progression, providing insights into the mechanisms by which 
NLRP6 influences the tumour microenvironment. A literature 
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Figure 3  Macrophages inhibit hepatocellular carcinoma via phagocytosis, which is regulated by NLRP6. (A) Flow cytometry based phagocytosis of 
RFP-MHCC97H tumour cells by control, knocked down and overexpressed NLRP6 in THP-1. Statistical significance was calculated with t-test pairwise 
comparisons among three groups of data comparisons, and data represent n= 3 technical replicates. (B) Schematic showing the procedure of injecting 
CD45.2+ bone marrow-derived macrophages (BMDMs) into tumours established in CD45.1+ recipient mice (CD45.1+ C57BL/6JCya-Ptprcem1(CD45.1)/

Cya). The injection was performed to study macrophage infiltration and tumour response in the recipient mice. (C) Representative flow cytometry 
plots showing the infiltration of donor-derived macrophages (CD45.2+ F4/80+ cells) in Hepa1-6 tumour tissue following injection of PBS, WT BMDMs, 
or Nlrp6−/− BMDMs. The percentage of CD45.2+ F4/80+ cells in the tumour tissue is indicated for each condition: PBS-control (0.00%), WT BMDM 
(0.11%) and Nlrp6−/− BMDM (0.13%). (D–F) Tumour tissues from B16F10 (melanoma), MC38 (colon cancer) and Hepa1-6 (liver cancer) xenograft 
models were analysed. Mice were divided into three groups: PBS control (PBS-control), BMDMs from WT C57BL/6 mice and BMDMs from Nlrp6−/− 
mice. Tumour volume, growth curves and tumour weight were compared across groups. Tumour growth curves were analysed using two-way analysis 
of variance, and tumour volume and weight comparisons were assessed using an unpaired t-test, mean with SD. Statistical significance is indicated as 
follows: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. PBS, phosphate buffered saline; NLRP6, NOD-like receptor family pyrin domain containing 
6; WT, wild-type.
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review of these genes suggested that E-Syt1 may promote macro-
phage endocytosis.26–29 We hypothesise that this molecule could 
be associated with phagocytic function.

To further validate the relationship between NLRP6 and 
E-Syt1, we performed a correlation analysis using data from 
the The Cancer Genome Atlas-Liver Hepatocellular Carci-
noma (TCGA-LIHC) database. The correlation coefficient 
(R) was 0.16, with a p value of 0.0025, indicating a positive 
correlation between NLRP6 and E-Syt1 expression levels 
(figure 4C).

Next, we conducted western blot analysis on BMDMs 
from Nlrp6−/− and WT mice. The results showed that the 
absence of NLRP6 led to an increase in E-Syt1 expression 
(figure  4D,E). To further explore the interaction between 
NLRP6 and E-Syt1, we performed a co-immunoprecipita-
tion assay, confirming a specific interaction between these 
two proteins (figure 4F,G).

E-Syt1 promotes macrophage phagocytosis and its 
antitumour activity against HCC
Given that phagocytosis is a subtype of endocytosis, we 
hypothesised that E-Syt1, known for its role in regulating 
membrane dynamics, may enhance macrophage phagocytic 
function.30–32 To test this, we used retroviral vectors to knock 
down (shE-Syt1) or overexpress (oeE-Syt1) E-Syt1 in THP1 

cells (online supplemental table 2) (figure  5A). Western blot 
analysis confirmed the efficiency of the E-Syt1 knockdown and 
overexpression constructs in the transfected cells (figure 5B). 
Next, we assessed phagocytic activity by co-culturing the 
THP1 cells with Red Zymosan particles and RFP-MHCC97H 
cells. The results indicated a direct correlation between 
E-Syt1 expression, phagocytic ability and antitumour activity, 
suggesting that the antitumour process is based on phagocy-
tosis. Compared with the control group, oeE-Syt1-THP1 cells 
displayed significantly enhanced phagocytic function, while 
shE-Syt1-THP1 cells exhibited a marked reduction in phago-
cytosis (figure  5C,D). These findings suggest that E-Syt1 is 
critical for enhancing the phagocytic function of macrophages 
in tumour contexts.

To investigate whether higher expression of E-Syt1 in macro-
phages correlates with patient outcomes, we analysed liver 
tumour tissues from 29 patients treated at the Peking University 
302 Clinical Medical School between 2016 and 2017. Immu-
nohistochemical staining for CD68 (a macrophage marker) 
and E-Syt1 revealed that patients with a higher proportion of 
CD68+/E-Syt1+ double-positive cells had significantly improved 
OS rates compared with those with lower double-positive cell 
counts (figure 5E,F). These results indicate that E-Syt1 enhances 
macrophage phagocytosis and that higher E-Syt1 expression in 
macrophages is associated with better patient survival outcomes.

Figure 4  NLRP6 and E-Syt1 have a negative feedback regulatory mechanism within cells. (A) The overlap of differentially expressed genes from 
WT/Nlrp6−/− tumour tissue RNA-seq, BMDM proteomics and liver tumour tissue proteomics. (B) NLRP6 interacting proteins were identified by IP/MS 
in THP-1 cells. The IP/MS data were further overlapped with Myc-interacting proteins from the UniProt database. (C) This scatter plot shows NLRP6 
versus E-Syt1 RNA expression levels across samples in TCGA-LIHC (The Cancer Genome Atlas-Liver Hepatocellular Carcinoma). Points are grouped 
into four categories based on median expression: high/high (red stars), high/low (green squares), low/high (blue triangles) and low/low (dark blue 
diamonds). The blue line indicates the linear regression fit. Correlation: R=0.16, p=0.0025. (D) This western blot image shows under NLRP6 knockout 
(‘−’) conditions, E-Syt1 expression is higher, while under NLRP6 wild-type (‘+’) conditions, E-Syt1 expression is lower. GAPDH expression is consistent 
across all conditions, confirming equal sample loading. (E) Relative protein expression of E-Syt1 from the last western blot. Unpaired t-test was 
used in the relative expression of E-Syt1. **p<0.01. (F) This image presents the results of a co-immunoprecipitation experiment to investigate the 
interaction between NLRP6 and E-Syt1. Immunoblot (IB) for E-Syt1. The lanes include input (total cell lysate), immunoprecipitation (IP) with NLRP6 
antibody and IgG control. (G) IB for NLRP6. The lanes include input (total cell lysate), IP with E-Syt1 antibody and IgG control. BMDM, bone marrow-
derived macrophage; MS, mass spectrometry; NLRP6, NOD-like receptor family pyrin domain containing 6; RNA-seq, RNA sequencing; TCGA-LIHC, The 
Cancer Genome Atlas-Liver Hepatocellular Carcinoma; WT, wild-type.

https://dx.doi.org/10.1136/gutjnl-2024-334448
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Figure 5  E-Syt1 promotes macrophage phagocytosis. (A) The image represents a schematic diagram of the construction of a retrovirus. (B) This 
western blot image illustrates the expression levels of E-Syt1 and GAPDH under three conditions: control, overexpressed E-Syt1 (oe E-Syt1) and 
knocked down E-Syt1 (sh E-Syt1). (C) Flow cytometry based phagocytosis of RFP-MHCC97H tumour cells by control, knocked down and overexpressed 
E-Syt1 in THP-1. Statistical significance was calculated with t-test pairwise comparisons among three groups of data comparisons, and data represent 
n= 3 technical replicates. (D) The proportion of THP1 cells phagocytosing Red Zymosan in the three groups was detected and compared using flow 
cytometry. **p<0.01; ***p<0.001 from unpaired t-test, mean with SD. And data represent n= 3 technical replicates. (E) Immunohistochemical 
staining was performed on human liver tumour tissues to detect CD68 and E-Syt1, with DAPI in blue, CD68 in red and E-Syt1 in green. Scale bar: 
100 µm. (F) The 29 patients were divided into high and low groups based on the median number of CD68 and E-Syt1 double-positive cells, and overall 
survival time was compared between the two groups. The log-rank test was used in the overall survival analysis.
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NLRP6 regulates phagocytosis by interacting with E-Syt1
In our previous result, we have demonstrated that Nlrp6 
enhances macrophage phagocytosis and observed a nega-
tive correlation between Nlrp6 and E-Syt1, with evidence of 
their interaction. Additionally, we have confirmed that E-Syt1 
promotes macrophage phagocytosis and that patients with 
higher E-Syt1 expression in macrophages exhibit longer survival. 
Based on these findings, we hypothesise that Nlrp6 may enhance 
macrophage phagocytosis through the regulation of E-Syt1. To 
test this hypothesis, we used retroviruses to construct stable 
shNlrp6-THP1 and oeNlrp6-THP1 cell lines. Subsequently, 
we co-transfected these cells with shRNA-E-Syt1 and oeRNA-
E-Syt1 plasmids to generate four dual-transfected cell types: 
shNlrp6/oeE-Syt1, shNlrp6/shE-Syt1, oeNlrp6/shE-Syt1 and 
oeNlrp6/oeE-Syt1 (figure  6A). Following transfection, we will 
assess Nlrp6 and E-Syt1 protein expression to confirm successful 
protein editing (figure 6B). Next, we evaluated the phagocytic 
capacity of these four dual-transfected cell types, using THP-1 
cells transfected with control viruses as the control group, 
measured as a percentage of phagocytosis. The results indicate 
that shNlrp6 cells exhibit significantly increased phagocytic 
capacity compared with the control group (p<0.001). However, 
there is no significant difference in phagocytic capacity between 
shNlrp6 and shNlrp6/oeE-Syt1 cells. In contrast, shNlrp6/shE-
Syt1 cells show a significant reduction in phagocytic capacity 
compared with shNlrp6 cells (p<0.0001) (figure  6C), indi-
cating that reduced E-Syt1 expression can reverse the enhanced 
phagocytic capacity induced by shNlrp6. This suggests that 
E-Syt1 functions downstream of Nlrp6 in regulating macro-
phage phagocytosis. Then we assessed the phagocytic capacities 
of control, oeNlrp6, oeNlrp6/shE-Syt1 and oeNlrp6/oeE-Syt1 
cell lines. The data reveal that oeNlrp6 cells exhibit a signifi-
cant reduction in phagocytic capacity compared with the control 
group (p<0.001). Furthermore, oeNlrp6/shE-Syt1 cells show a 
further decrease in phagocytic capacity compared with oeNlrp6 
cells. In contrast, oeNlrp6/oeE-Syt1 cells exhibit a significant 
increase in phagocytic capacity compared with both oeNlrp6 
and control cells (p<0.001) (figure 6D). These results suggest 
that overexpression of E-Syt1 can counteract the reduced phago-
cytic capacity induced by oeNlrp6, further supporting the notion 
that E-Syt1 functions downstream of Nlrp6 in regulating macro-
phage phagocytosis.

To further validate the upstream and downstream relationship 
between Nlrp6 and E-Syt1, we hypothesised that E-Syt1 func-
tions downstream of Nlrp6 and controls the phagocytic capacity 
mediated by Nlrp6. The results indicate that shE-Syt1 cells show 
a significant reduction in phagocytic capacity compared with 
the control group. However, there is no significant difference 
in phagocytic capacity between shE-Syt1 and either oeNlrp6/
shE-Syt1 or shE-Syt1/shNlrp6 cells (figure 6E). These findings 
suggest that when E-Syt1 expression is reduced, altering Nlrp6 
levels does not affect phagocytic capacity. This supports the 
conclusion that E-Syt1 is downstream of Nlrp6 and is crucial for 
the regulation of phagocytosis by Nlrp6. Thus, E-Syt1 acts as the 
switch for Nlrp6-mediated changes in macrophage phagocytic 
activity.

And then we compared phagocytic capacity between oeE-
Syt1 and shNlrp6/oeE-Syt1 and oeNlrp6/oeE-Syt1 cells. The 
results show that oeE-Syt1 and oeNlrp6/oeE-Syt1 cells exhibit 
a significant increase in phagocytic capacity compared with the 
control group. However, there is no significant difference in 
phagocytic capacity between oeE-Syt1 and oeNlrp6/oeE-Syt1 
cells (figure 6F). This suggests that when E-Syt1 expression is 

overexpressed, altering Nlrp6 levels does not impact phagocytic 
capacity, further supporting the notion that E-Syt1 operates 
downstream of NLRP6. NLRP6 affects macrophage phagocy-
tosis through the regulation of E-Syt1 expression.

In summary, E-Syt1 plays a pivotal role in the regulatory 
pathway by which NLRP6 modulates macrophage phagocytic 
capacity. NLRP6 influences phagocytosis through the regulation 
of E-Syt1, which acts as the downstream effector of NLRP6’s 
regulatory effects.

The PYD segment of NLRP6 interacts with the SMP segment 
of E-Syt1
We have established that E-SYT1 acts as a pivotal regulator, 
modulating the influence of NLRP6 on macrophages. Building 
on this discovery, we sought to investigate the specific struc-
tural interaction between these two proteins, focusing on their 
domains.

E-SYT1 is an endoplasmic reticulum-localised, multidomain-
containing protein that consists of a transmembrane (TM) 
domain, an Synaptotagmin-like Mitochondrial-lipid-binding 
Protein (SMP) domain and five C2 domains (C2A–C2E)33 
(figure 7A).

To identify which domain of E-SYT1 is responsible for binding 
to NLRP6, we generated a series of deletion mutants from the 
N terminus to the C terminus, tagged with Myc. These mutants 
included: Myc-E-SYT1-△TM (lacking the TM domain), Myc-
E-SYT1-ΔTM+SMP (lacking both the TM and SMP domains) 
and Myc-E-SYT1-ΔC2 (lacking the C2 domains). Full-length 
(FL) E-SYT1 and these deletion mutants were individually trans-
fected into HEK293T cells along with FLAG-tagged NLRP6. 
Our results showed that only FL E-SYT1 and E-SYT1-△TM, 
E-SYT1-△C2 domains bound to FLAG-tagged NLRP6, indi-
cating that the SMP domain of E-SYT1 is necessary for its inter-
action with NLRP6 (online supplemental table 3)(figure 7C).

To further explore the structural basis of the interaction, we 
generated a series of deletion mutants from the N terminus 
to the C terminus, tagged with Flag. These mutants include: 
Flag-NLRP6-ΔPYD (lacking the PYD domain), Flag-NLRP6-
ΔLRR (lacking the LRR domain) and Flag-NLRP6-ΔPYD+LRR 
(lacking both the PYD and LRR domains) (figure 7B). FL NLRP6 
and these deletion mutants were individually transfected into 
HEK293T cells along with MYC-tagged E-SYT1. We observed 
that only FL NLRP6 and NLRP6-ΔLRR were able to bind to 
MYC-tagged E-SYT1, confirming that the PYD domain of 
NLRP6 is necessary for its interaction with E-SYT1 (figure 7D). 
The findings indicate that NLRP6 interacts with the SMP domain 
of E-SYT1 via its PYD domain, which in turn affects the function 
of E-SYT1 in macrophages (figure 7E).

DISCUSSION
This study investigates the role of NLRP6 in regulating macro-
phage function and its potential as a therapeutic target in HCC. 
NLRP6 deficiency significantly enhances macrophage phagocy-
tosis through upregulation of E-Syt1, leading to the inhibition of 
HCC progression. We observed an abnormal elevation of NLRP6 
expression in the patients with HCC, which correlates with the 
aggressive progression of the disease. This finding is consistent 
with previous research,34 which indicated that Nlrp6−/− mice 
showed reduced HCC progression across multiple tumour 
models, further reinforcing the idea that NLRP6 plays a pivotal 
role in regulating tumour growth and immune cell activity in 
the liver.

https://dx.doi.org/10.1136/gutjnl-2024-334448
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Figure 6  NLRP6 regulates phagocytosis by interacting with E-Syt1. (A) This schematic diagram represents two types of dual-transgenic 
macrophages, indicated by different treatments and genetic modifications. (B) This western blot image illustrates the expression levels of E-Syt1 and 
NLRP6 under two conditions: control, shE-Syt1/shNLRP6 and oeNLRP6/oeE-Syt1. (C–F) The proportion of THP1 cells phagocytosing Red Zymosan 
was assessed across various groups using flow cytometry, with bar charts showing phagocytic capacity as a percentage. (C) Comparison of control, 
shNLRP6, shNLRP6/shE-Syt1 and shNLRP6/oeE-Syt1 THP-1 cells. (D) Comparison of control, oeNLRP6, oeNLRP6/oeE-Syt1 and oeNLRP6/shE-Syt1 
THP-1 cells. (E) Comparison of control, shE-Syt1, shE-Syt1/shNLRP6 THP-1 and oeNLRP6/shE-Syt1 cells. (F) Comparison of control, oeE-Syt1, oeNLRP6/
oeE-Syt1 THP-1 cells and shNLRP6/oeE-Syt1. Statistical significance was determined using an unpaired t-test, mean with SD: **p<0.01, ***p<0.001, 
****p<0.0001; ‘ns’ indicates no significant difference. NLRP6, NOD-like receptor family pyrin domain containing 6.
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Figure 7  The PYD segment of NLRP6 interacts with the SMP segment of E-Syt1. (A) E-Syt1 domain structures: E-Syt1-FL: full-length E-Syt1. E-
Syt1△TM: E-Syt1 lacking the transmembrane domain (TM). E-Syt1△TM+SMP: E-Syt1 lacks both the TM and SMP domains. E-Syt1△C2: E-Syt1 lacking the 
C2 domains. (B) NLRP6 domain structures. NLRP6FL: full-length NLRP6. NLRP6△PYD: NLRP6 lacking the PYD domain. NLRP6ΔLRR: NLRP6 lacking the 
LRR domain. NLRP6△PYD+LRR: NLRP6 lacks both the PYD and LRR domains. (C) Immunoblot analysis of Myc immunoprecipitates of lysates of HEK293T 
cells transfected with FLAG-tagged NLRP6 and Myc-tagged full-length E-Syt1 (Myc-E-Syt1-FL) or E-Syt1 mutants E-Syt1△TM, E-Syt1△TM+SMP, E-Syt1△C2. 
(D) Immunoblot analysis of FLAG immunoprecipitates of lysates of HEK293T cells transfected with MYC-tagged E-Syt1 and FLAG-tagged full-length 
NLRP6 (FLAG-NLRP6-FL) or NLRP6 mutants NLRP6ΔPYD, NLRP6ΔLRR, NLRP6ΔPYD+LRR. (E) The diagram illustrating the combination of the SMP domain 
and the PYD domain. NLRP6, NOD-like receptor family pyrin domain containing 6.
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One of the significant challenges in the field of cancer immu-
notherapy is the limited efficacy of macrophage-based therapies, 
particularly their reduced phagocytic function and inability to 
accumulate in sufficient numbers within the tumour microenvi-
ronment.8 In this study, we address these two major limitations. 
We discovered that NLRP6 deficiency not only enhances macro-
phage infiltration into the liver but also significantly increases 
their phagocytic activity. These changes are directly correlated 
with reduced tumour progression, suggesting that NLRP6 
deficiency can effectively boost macrophage-mediated tumour 
suppression. This discovery positions NLRP6 as a promising 
therapeutic target for enhancing macrophage-based therapies, 
potentially improving their tumour-killing capacity and their 
ability to accumulate within the tumour site.

At the mechanistic level, we identified that the PYD domain 
of NLRP6 interacts with the SMP domain of E-Syt1. This inter-
action was shown to regulate macrophage phagocytosis, as the 
absence of NLRP6 leads to an increase in E-Syt1 expression. 
E-Syt1, a protein known for its crucial role in endocytosis, 
modulates membrane curvature and tension, thus facilitating 
vesicle formation during phagocytosis. While the role of E-Syt1 
in membrane dynamics during endocytosis has been well-
established in various cell types, our study is the first to link 
this protein directly to macrophage phagocytosis,28 35 providing 
novel insights into how NLRP6 and E-Syt1 cooperate in regu-
lating immune responses. This finding introduces a new aspect 
of macrophage biology that could have important implications 
for both basic immunology and cancer therapy.

In addition to elucidating the molecular mechanisms, we 
also explored the therapeutic potential of targeting NLRP6 
in clinical applications. Specifically, we tested the efficacy of 
Nlrp6−/− BMDMs in xenograft models and demonstrated that 
intratumoural injections of these NLRP6-deficient macrophages 
significantly inhibited tumour growth. This experiment high-
lights the therapeutic promise of incorporating NLRP6 inhibi-
tion into macrophages. By enhancing the phagocytic capacity 
and accumulation of macrophages, this strategy could potentially 
improve their tumour-killing capacity, offering a novel approach 
for macrophage-based immunotherapy in cancer treatment.

In conclusion, NLRP6 deficiency significantly enhances 
macrophage phagocytosis through upregulation of E-Syt1, 
leading to the inhibition of HCC progression. We identified 
that the PYD domain of NLRP6 interacts with the SMP domain 
of E-Syt1, providing insights into the molecular mechanism 
by which NLRP6 regulates macrophage function and tumour 
progression. These insights provide a foundation for developing 
personalised immunotherapies, where NLRP6 inhibition could 
be used to strengthen macrophage-based therapies, leading to 
more effective and targeted treatments for HCC and potentially 
other malignancies. The broader implications of this work offer 
promising directions for the future of cancer immunotherapy, 
paving the way for novel therapeutic strategies that can better 
harness the immune system’s ability to fight cancer.
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