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Invariant NK T cells counteract HCC
metastasis by mediating the migration of
splenic CD4+ T cells into the white pulp
and infiltration of B cells

Check for updates

Jinke Geng1,5, Mengxiao Xie2,5, Meina Yan1, Xiaoyan Xie1, FuxinWang3, Rui Zhu 3 &Mutian Han 1,4

Despite significant advances in the diagnosis and treatment of hepatocellular carcinoma (HCC),
metastasis and recurrence remain two major obstacles to improving the clinical outcomes for HCC
patients. Here,we demonstrate that splenic invariant natural killer T (iNKT) cells can significantly inhibit
Hepa1-6-mediated intrahepatic HCC metastasis. Interestingly, in the HCC metastasis model, iNKT
deficiency can result in a significant decrease in percentage and absolute number of CD4+ T cell and
interleukin-4 level, thus suggesting the involvement of the cross-talk between iNKTs and CD4+ T cells
in limiting HCC metastasis to the spleen. Transcriptional signatures of CD4+ T cells following iNKT
deficiency displaying impairment of their cell migration function. DuringHCCmetastasis, splenic iNKT
rapidly secrete interferon-γ to promote the migration of CD4+ T cells from the marginal zone into the
white pulp, thereby triggering subsequent migration of splenic B cells to the liver and exerting anti-
tumor immune effects on Hepa1-6 cells. In conclusion, interactions between interferon-γ and its
receptor on iNKT and CD4+ T cells can effectively coordinate immune activity between the marginal
zone and the white pulp, thereby ultimately inhibiting intrahepatic HCC metastasis. These findings
reveal the mechanism underlying the resistance of splenic iNKT to tumor metastasis.

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-
related mortality worldwide and the leading cause of death from liver
cirrhosis1. With a 5-year survival rate of 18%, HCC is the second deadliest
tumor after pancreatic cancer2. Although, significant advances have been
made both in the diagnosis and treatment of cancer over the past few
centuries, but metastasis and recurrence remain the main obstacle to
improving clinical outcomes in cancer patients3. Despite the availability of
various treatment options for the management of HCC patients, such as
surgical resection, percutaneous ablation, radiotherapy, and transarterial
and systemic therapies, these patients are still at a high risk of tumor
metastasis, especially local intrahepatic invasion4. Surgical resection, is the
recommended treatment option, with a 5-year overall survival rate of ~70%,
but a significant drawback of this approach is the high incidence of local

invasion by liver tumors5, occurring in up to 80% of patients5,6. The local
invasion of cancer is a complex, multi-step process involving infiltration of
cancer cells into the primary lesion, entry into the blood stream, survival in
the circulation, extravasation and attachment and colonization of the
metastatic site7. The means by which splenic iNKTs exert immune sur-
veillance of this process remains largely unknown.

The mouse spleen is divided into red pulp (RP) and white pulp (WP)
according to function and structure, with the marginal zone (MZ) located
between these two areas8. In contrast to lymph nodes, the spleen lacks
afferent lymphatic vessels andall cells aswell as antigens can enter the spleen
via the blood. Therefore, RP dominates the spleen tissue, constituting a
significant portion, whereas the WP accounts for less than a quarter, but
serves as key immunologic region of the spleen9. The structure of the spleen
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allows it to efficiently remove blood-borne microorganisms, older ery-
throcytes and cellular debris from the circulation, earning it the distinction
of being the body’s largest bloodfilter10.Moreover, except for red blood cells,
all types of blood cells, regardless of the volume can pass through the blood
vessels in the spleen for ~10min11–13. This facilitates full contact and
interaction between tumor cells and immune cells in the red pulp and
marginal zone. Interestingly, numerous studies have reported the beneficial
role of the spleen in significantly improving the tumor prognosis. For
instance, preservation of the spleen during extended lymphadenectomy for
gastric cancer can effectively reduce various complications and improve
overall survival14. Furthermore, the presence of liver metastases leads to the
suppression of splenic dendritic cells, which poses a challenge to anti-tumor
vaccination efforts. Measurement of spleen stiffness was the only predictor
of late HCC recurrence and was directly related to the extent of liver disease
and portal hypertension, both of which were associated with HCC
recurrence15. According to a comment made on the article, it was proposed
that splenic stiffness during HCC might be influenced to some extent by
alterations in the immune system within the spleen16. Therefore, the spleen
may play an irreplaceable role in immune surveillance of local invasion and
metastasis in HCC.

Mouse iNKT is characterized by the expression of the unique CD1d-
restricted T cell receptor (TCR) Vα14Jα1817. Interestingly, both the fre-
quency and function of iNKTs in the tumor or circulation have been found
to be highly correlated with overall survival in numerous malignancies18–21.
For instance, iNKT can inhibit the growth of murine HCC by improving
oncogenic beta-catenin-induced chronic inflammation in the liver22,23.
Methylcholanthrene (MCA) was shown to initiate spontaneous tumor
growthmore rapidly in Ja18−/−mice (iNKT-deficient) in comparison to the
wild-typemice, and isolated iNKTswere found to display direct cytotoxicity
against MCA-induced sarcoma24. Disruption of commensal gut bacteria in
mice can induce hepatic iNKT-mediated anti-tumor effects25. Adoptive
transfer of autologous iNKTs has demonstrated promising safety and effi-
cacy in treating advanced HCC26,27. Concurrently, iNKT-induced anti-
tumor effects have been reported to be pleiotropic, such as TCR-engineered
iNKTs can induce potent anti-tumor responses by dual targeting of both
cancer and suppressivemyeloid cells28.Moreover, in all the above- described
studies, iNKTs have demonstrated direct and/or indirect anti-tumor
immune surveillance effects. Nevertheless, the precise role of splenic iNKT,
particularly in relation to local invasion of HCC, remains predominantly
unrevealed.

Here, thefindings highlight the distinctive functionof splenic iNKTs in
controlling immune surveillance in the context of local invasion of HCC.
The interferon-γ (IFN-γ)/IFN-γR-dependent interaction between iNKT
and CD4+ T cells can promote the migration of CD4+ T cells from the
marginal zone into the white pulp, a key event in preventing local intra-
hepatic invasionofHCC.This studyprovides insights intounderstandingof
how splenic iNKT drives immune surveillance of local invasion of tumor
cells and facilitate the development of iNKT cell-based anti-cancer
immunotherapies.

Results
Splenic iNKT deficiency exacerbates metastasis of hepatocel-
lular carcinoma
To validate the potential role of splenic iNKT in hepatocellular carcinoma
metastasis, we established a mouse model of intrahepatic metastasis of
hepatocellular carcinoma (HCC-m) mouse model. 5 × 105 Hepa1-6 cells
were injected orthotopically into the mouse liver and the liver tissues at the
injection sitewere subsequently removed.After 2weeks,Hepa1-6 cells in the
circulation were found to recolonize in the liver parenchyma to form
intrahepatic metastases. In addition, compared with the control mice, the
spleen volume as well as weight of HCC-m the mice were significantly
increased (Fig. 1A). Splenectomized mice displayed more severe HCC
metastasis, with a significant increase in the tumor weight (Fig. 1B). To gain
a deeper understanding of how the spleen can suppress HCCmetastasis, we
analyzed both the percentages and absolute numbers of the different

immune cell populations in the spleens of HCC-m mice at 2 weeks. We
identified that both the percentage and absolute number of splenic iNKTs
were significantly elevated in HCC-m mice at 2 weeks (Fig. 1C–E). We
observed that the percentage and absolute number of splenic CD4+ T cells
decreased, whereas the percentage of splenic CD8+ T cells increased in
HCC-m mice (Fig. 1F–H). However, there were no significant differences
noted in the percentages and absolute numbers of splenic B cells and NK
cells among these two groups of mice (Fig. S1A–F). We further examined
the possible effect of iNKT on HCC metastases in Ja18−/− mice, HCC-m
models for wild-type (WT) and Ja18−/− mice were constructed and tumor
weights were analyzed after 2 weeks. Interestingly, iNKT deficiency sig-
nificantly aggravated the HCCmetastasis, but adoptive transfer of iNKT in
the spleen effectively inhibited this process (Fig. 1I, J). These findings con-
firmed that splenic iNKTs have the ability to inhibit HCC metastasis.

The presence of iNKT contributes to the maintenance and acti-
vation of CD4+ T cells
Weperformed additional experiments to provide a clearer understandingof
the crucial role played by iNKTs - which make up only about 2% of non-
parenchymal cells in the spleen - in suppressing HCC metastasis. iNKT
serves as a bridge between innate immunity and adaptive immunity and
plays a crucial role in the initial stage of the disease29. Therefore, we focused
towards determining whether impairments in iNKTs have any impact on
immune cell populations 3 days after injection of Hepa1-6 cells. We thus
analyzed the differences in the percentages of the major immune cell
populations in the spleen of Ja18−/− mice. We observed that at steady state,
Ja18−/− mice exhibited decreased basal CD4+ T cell number in comparison
to the control mice (Fig. 2A–C). The reduced number of splenic CD4+

T cells caused byHCCmetastasis was furtherworsened by iNKTdeficiency,
resulting in a further decrease in both the number and percentage of CD4+

T cells (Fig. 2A–C). However, iNKT deficiency had no impact on the per-
centages of splenic B cells (Fig. S2A, B) andNK cells (Fig. S2C, D). Adoptive
transfer of iNKTs to the spleen can effectively restore the reduction in
splenic CD4+ T cell percentage caused HCC metastasis (Fig. 2D, E). This
observation led us to investigate whether iNKTs have the ability to promote
the proliferation of CD4+ T cells. Consistent with our expectations, splenic
CD4+ T cells from both Ja18−/− mice and Ja18−/− mice with HCC-m
exhibited diminished proliferation ability, indicated by the low level of Ki67
expression (Fig. 2F, G). However, iNKT deficiency did not affect the
apoptosis of CD4+T cell (Fig. S2E, F). The expression of CD1d is crucial for
the cross-talk between antigen-presenting cells and iNKTs.We analyzed the
expression levels of CD1d on CD4+ T cells in the spleens of HCC-m and
control mice by flow cytometry. Both groups of mice showed almost no
expression of CD1d on splenic CD4+T cells (Fig. S2G,H). Similarly, splenic
CD4+ T cells of iNKT-deficient mice also lacked expression of CD1d
(Fig. S2G, H). In addition, the expression of the T cell activation marker
CD69 and the level of interleukin-4 (IL-4) were both reduced in splenic
CD4+T cells of Ja18−/−mice in comparison to the control mice (Fig. 2H, I).
Interestingly, the expression levels of IFN-γ, IL-6 andTNF-α inCD4+Tcells
were not affected by iNKT deficiency (Fig. 2H, I). Therefore, the cross-talk
between iNKT and CD4+ T cells can play a vital role in inhibiting HCC
metastasis.

CD4+ T cells in Ja18−/− mice exhibited unique mRNA expression
patterns associated with impaired cell migration function
To investigate the impact of iNKT cell interactions with CD4+ T cells on
HCC metastasis in vivo, we isolated CD4+ T cells from both WT HCC-m
and Ja18−/− HCC-m mice and performed RNA sequencing analysis.
Interestingly, 648 DEGs were identified in the splenic CD4+ T cells of WT
HCC-m and Ja18−/− HCC-mmice. Among them, 292 genes were found to
be upregulated, whereas 356 genes were downregulated (Ja18−/− vs Ctrl,
Fig. 3A). GO enrichment of the DEGs (Ja18−/− vs Ctrl, Down) was con-
ducted in major functional classes of biological processes (BP), cellular
components (CC), and molecular functions (MF). The downregulated
DEGs were significantly annotated in the processing of T cell activation
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including protein phosphorylation, TCR V(D)J recombination, positive
regulation of the TCR signaling pathway, as well as stress activated protein
kinase signaling pathway (Fig. 3B). In addition, consistent with the previous
descriptions, signaling pathways related to the cell cycle and cell prolifera-
tion were downregulated in CD4+ T cells from Ja18−/− mice (Fig. 3B).
Furthermore, downregulation of signaling pathways related to cytoskeleton

organization and cell adhesion was also noted, thus suggesting changes in
CD4+ T cell motility in Ja18−/− mice (Fig. 3B). Annotation of the cellular
components revealed that histone methyltransferase complex, cytoskeleton
and TCR complex were also significantly downregulated (Fig. 3C). As for
the molecular functions, the downregulated DEGs were significantly
annotated for the transferase activity, protein binding, DNA binding,
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histone methyltransferase activity (Fig. 3D). These molecules can promote
the specific gene expression as well as regulate genome stability, cell
maturation, DNA methylation, and cell mitosis. Moreover, the Kyoto
encyclopedia of genes and genomes (KEGG) enrichment analysis indicated
that the downregulatedDEGswere associatedwith the processes suchas cell
growth and death, cellmotility, amino acidmetabolism, glycan biosynthesis
as well as metabolism, which have been linked to the anti-tumor effect of
T cells (Fig. 3E). Gene set variation analysis (GSEA) pathway enrichment
analysis revealed that CD4+T cells in Ja18−/−mice were able to significantly
down-regulate inflammatory response and cell surface receptor-related
signaling pathways, thereby suggesting that their activation was effectively
inhibited. Furthermore, CD4+ T cells in Ja18−/− mice downregulated the
various mRNA-encoding proteins associated with cell migration/chemo-
taxis functions, including cell adhesion, chemotaxis, leukocyte migration
and lymphocyte chemotaxis (Fig. 3F).

Gene Ontology (GO) enrichment of the DEGs (Ja18−/− vs Ctrl,
Up) was conducted in the GO categories of cellular component (CC),
molecular function (MF), and biological process (BP). iNKT defi-
ciency led to significant upregulation of DEG annotations in extra-
cellular space, endothelial reticulum, chaperone complex, peroxidase
activity, antioxidant activity, and cellular oxidation detoxification-
related genes in CD4+ T cells (Fig. S3A–C). In addition, protein
processing in the endothelial reticulum, ferroptosis, and apoptosis-
related pathways were significantly upregulated in the CD4+ T cells
of Ja18−/− mice, suggesting that iNKT cells play an important role in
the function of CD4+ T cells (Fig. S3D).

HCCmetastasis can promote the migration of splenic CD4+

T cells from the marginal zone into the WP
To observe the behavioral pattern of CD4+ T cells in HCC-m mice, we
examined the distribution of iNKTs and CD4+ T cells in the spleen of
CXCR6GFP/+ mice. We employed intravital microscopy to observe the
behavior of iNKTs andCD4+Tcells at twodifferent timepoints (0 h and4 h
following orthotopic injection of Hepa1-6 cells into the liver). At steady
state,CD4+Tcellswere found to colocalizewith iNKTs in themarginal zone
without entering the splenic WP (Fig. S4A). However, 4 h after injection of
Hepa1-6 cells into the liver, CD4+ T cells were observed to gradually entere
the splenicWP (Fig. 4A, B). CD4+T cells in the splenicWPofHCC-mmice
were also verified using Z-stack analysis (Fig. 4C, supplementary Video S1).
To validate this finding, we next intravenously administered APC-
conjugated anti-CD45 antibodies to identify CD4+ T cells present in the
marginal zone.We noticed that following injection of theHepa1-6 cells, the
proportion of CD4+ T cells within the WP began to increase after 4 h,
whereas the percentage of CD4+ T cells in the marginal zone exhibited a
significant decline (Fig. 4D, E). Furthermore, we also confirmed the char-
acteristic changes in dynamics of splenic CD4+ T cell during HCC metas-
tasis (Fig. 4F). It was observed that in comparison to the the control group,
the crawling distance as well as crawling velocity of splenic CD4+ T cells in
HCC-mmicewere significantly increased,which facilitated their rapid entry
into the WP (Fig. 4G, H). At the same time, HCC-m mice increased the
number of contacts between splenic iNKT and CD4+ T cells (Fig. 4I, sup-
plementary Video S2). Simultaneously, iNKTs in HCC-m mice exhibited
tight interactions with CD4+ T cells, whereas there was no intercellular

contact observed between iNKTs and CD4+ T cells in the control mice
(Fig. 4J, K).

The entry of CD4+ T cells into theWP depends on IFN-γ secreted
by iNKT
To investigate the role of iNKTs in CD4+ T cell migration, we initially
examined the expression of iNKT cell activation markers and cytokines in
the spleens of HCC-m mice and control mice. Splenic iNKT of HCC-m
mice was found to significantly upregulate the expression of CD69, a well
characterized marker of iNKT activation (Fig. S5A, B). Moreover, iNKT in
HCC-m mice was able to significantly upregulate the expression levels of
IFN-γ and TNF-α, while displaying no impact on the expression of IL-4
(Fig. 5A, B). Other types of immune cells such as NK cells, B cells, CD4+

T cells, and macrophages do not express IFN-γ (Fig. S5C, D). Interestingly,
CD8+T cells expressed a certain level of IFN-γ under homeostasis, whereas
in HCC-m mice, CD8+ T cells were no longer able to express IFN-γ
(Fig. S5E, F). We also noticed that CD4+ T cells highly expressed IFN-γ
receptor α chain, but did not express TNFR I (Fig. 5C, D). In contrast to
control mice, CD4+ T cells from HCC-m mice exhibited increased
expression of the IFN-γ receptorα chain (Fig. 5C,D).We further confirmed
that NK cells can also express a certain level of IFN-γ α chain (Fig. S5G, H),
but only 2-3% of the B cell population can express IFN-γ α chain
(Fig. S5G,H), andCD8+T cells andmacrophageswere not found to express
IFN-γα chain (Fig. S5G,H). Therewas nodifference observed in expression
of IFN-γ α chain by NK cells and B cells between HCC-m mice and the
control mice (Fig. S5G, H).

To investigate the potential relationship between iNKTs and CD4+

T cells in the mouse spleen, we isolatedWT and IFN-γ−/− mouse-derived
iNKT cells and transferred them into the spleens of Ja18−/− mice. After
establishing the HCC-M model, flow cytometry was used to analyze the
proportion of splenic CD4+ T cells entering the white pulp. We injected
fluorescein-conjugated anti-CD45 antibodies into the circulatory system
through the tail vein. The antibody is able to bind to CD4+ T cells in the
red pulp but is unable to contact CD4+ T cells in the white pulp. It was
found that IFN-γ-deficient iNKT cells did not allow entry of CD4+ T cells
into the white pulp in contrast to WT-iNKT (Fig. 5E, F). Further, we
orthotopically injected Hepa1-6 cells into Ja18−/− mice and subsequently
analyzed the behavior of CD4+ T cells in the spleen. After 4 h of injection
of Hepa1-6 cells, iNKT deficiency caused a significant decrease in the
number of CD4+ T cells entering into the WP (Fig. 5G, H). Moreover,
CD4+ T cell entry into the WP was also inhibited in the spleens of
CXCR6GFP/+ IFN-γ−/− mice (Fig. 5G, H). iNKT deficiency also con-
tributed to reduced expression of Stat1 in CD4+ T cells, which is a key
transcription factors in IFN-γ signaling pathway (Fig. 5I). iNKT defi-
ciency also caused a substantial decrease in the mRNA level of CD40L in
CD4+ T cells (Fig. 5J), which can interact with CD86 on the surface of B
cells to mediate the activation of B cell. We further analyzed the protein
levels of STAT1 phospho and CD40L on CD4+ T cells in the spleens of
Jα18−/−-HCC-m and WT-HCC-m mice using flow cytometry. As
expected, Jα18−/− mice showed lower protein levels of STAT1 phospho
and CD40L on CD4+ T cells compared to the WTmice (Fig. S5I, J). IFN-
γ deficiency also significantly reduced expression of IL-4 by CD4+ T cells
(Fig. 5K, L), which has been reported to be crucial for both the survival

Fig. 1 | iNKT deficiency is beneficial for the metastasis of hepatocellular carci-
noma. A Representative appearance (left) and spleen weight (right) of spleens from
the control mice and mice with metastasis (n = 7). B 5 × 105 Hepa1-6 cells were
injected orthotopically into the mouse liver, and the liver tissues at the injection site
was subsequently removed. The representative appearance of livers from the control
and splenectomized mice (left) and tumor weight (right) (n = 6). C The proportion
of the CD45+ TCR-β+ CD1d-PBS57-Tetramer+ iNKT obtained from the spleens of
control mice and mice with metastasis were analyzed using the flow cytometry. The
isotype Ig of each antibody was used as a negative control. D Quantification of the
percentage and E absolute number of iNKT in the indicated group (n = 5). F Flow

cytometry analysis of the percentages of CD45+CD3+CD4+T cell andCD45+CD3+

CD8+ T cell in the spleens of control and HCC-m mice. G The percentage and
H absolute number of CD4+ T cells and CD8+ T cells in both groups of mice were
statistically analyzed. The variance has been marked on the graph (n = 4).
I Representative appearance of the liver metastasis tumors in WT+Hepa1-6,
Jα18−/−+Hepa1-6 and Jα18−/−+Hepa1-6+iNKT adoptively transferred mice. For
the establishment of the splenic iNKT adoptive transfermousemodel, 5 × 105 iNKTs
were orthotopically injected into the spleen of the recipient mouse. Tumor tissue is
shown within the dotted box. J Statistical analysis of the liver tumor weights of mice
in each group (n = 5).
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Fig. 2 | The cross-talk between iNKT and CD4+ T cells helps to control the
metastasis of hepatocellular carcinoma. A Proportion of the CD45+ CD3+ CD4+

T cells derived from the spleens ofWTmice,WTmice withHCCmetastasis, Jα18−/−

mice and Jα18−/− mice with metastasis were analyzed using flow cytometry.
B Quantification of the percentage and C absolute number of CD4+ T cell in the
indicated group.D Proportion of the CD4+ T cells obtained from the spleens ofWT
mice, Jα18−/− mice, Jα18−/− mice with HCC metastasis and Jα18−/−+Hepa1-
6+iNKT adoptively transferred mice were analyzed using flow cytometry.
E Quantification of the percentage of CD4+ T cell in the indicated group. F Flow

cytometry analysis of the percentage of Ki67+ CD4+ T cell in WT, WT+HCC-m,
Jα18−/−, Jα18−/− +HCC-m mice. G Statistical analysis of the percentage of Ki67+

CD4+ T cell in each group. H Analysis of CD69, IL-4, IFN-γ, IL-6, and TNF-α in
CD4+ T cells of the indicated group through flow cytometry. I Statistical analysis of
CD69, IL-4, IFN-γ, IL-6, and TNF-α mean fluorescence intensity (MFI) of CD4+

T cells of the indicated group (n = 5). The data shown was obtained from three
independent experiments with n = 5mice per group. The data has been displayed as
the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3 | Transcriptional characteristics of splenic CD4+ T cells in iNKT-deficient
HCC-mmice. AVolcanomap depicting DEGs in CD4+ T cells fromWT+Hepa1-6
and Jα18−/−+Hepa1-6 mice. Each group contained 3 mice. BGO enrichment of the
various downregulated genes (Jα18−/−mice vsWTmice) in the biological processes,

C cellular components, andDmolecular functions. E KEGG enrichment analysis of
the different downregulated genes. F Gene set enrichment analysis of the various
downregulated genes.
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and function of B cells. Therefore, it was concluded that in HCC-mmice,
IL-4 secretion by CD4+ T cells depends primarily on the IFN-γ signal
provided by iNKTs. However, IFN-γ deficiency did not affect the
expression of CD86 on B cells (Fig. S5K, L). Collectively, these results
highlighted the pivotal role of IFN-γ signaling pathway in regulating the
migration of CD4+ T cells into the WP.

Splenic CD4+ T cell depletion leads to increased metastatic
burden of hepatocellular carcinoma
To clarify whether CD4+ T cells contribute to the inhibition of HCC
metastasis, we injected a CD4+ T cell-depletion antibody in situ into the
mouse spleens (50 µg/3 days, a total of 7 injections). Subsequent flow
cytometry analysis indicated depletion of ~80% of splenic CD4+ T cells
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(Fig. 6A, B). Splenic CD4+ T cell depletion exacerbates intrahepatic
metastasis of hepatocellular carcinoma (Fig. 6C,D). Furthermore, depletion
of splenic CD4+ T cells in Jα18−/− mice led to more severe hepatocellular
carcinoma metastasis (Fig. 6C, D).

CD4+Tcells regulatesplenicBcells fromHCC-mmicemigrate to
the liver and exert cytotoxic effects on Hepa1-6 cells
First, 100 µl of EZ-Link Sulfo-NHS-LC-Biotin was injected in situ into the
spleens of Ctrl and HCC-mmice. This biotinylates only surface proteins of
whole cells as the negatively charged reagent does not permeate cell
membranes. The biotin on the surfaces of spleen-derived cells was able to
bind to fluorescein-conjugated streptavidin but not to liver-derived cells.
Only 5% of the splenic CD4+ T cells migrated to the liver in both WT and
HCC-m mice (Fig. S6A, B) and there was no statistical difference between
the two groups. Similarly, splenic CD8+ T and iNKT cells showed minimal
migration to the liver (Fig. S6C–F). To verifywhetherCD4+T cells exhibited
cytotoxicity towardHepa1-6 cells, we purifiedCD4+T cells from the spleens
ofWTandHCC-mmice and co-cultured themwithHepa1-6 cells.Weused
Zombie UV™ dye to analyze the mortality rate of Hepa1-6 cells. Zombie
UV™ is an amine reactive fluorescent dye that does not penetrate live cells
but is taken up by cells with compromisedmembranes. Thus, it can be used
to assess the live vs. dead status of mammalian cells. The use of the dye
showed that CD4+T cells from both groups of mice had no direct cytotoxic
effects on Hepa1-6 cells (Fig. S6G, H). Meanwhile, the expression of CD69,
an activation marker, is upregulated by hepatic CD4+ T cells in HCC-m
mice (Fig. S6I, J). Although hepatic CD4+T cells showed basal expression of
IL-4, no difference in expression was found betweenHCC-m and Ctrl mice
(Fig. S6I, J). Furthermore, hepatic CD4+T cells did not express either IFN-γ
or CD40L (Fig. S6I, J).

Surprisingly, a portionof splenic B cellswere observed tomigrate to the
liver, and this proportion was significantly higher in HCC-m mice com-
pared to the WT controls (Fig. 7A, B). The depletion of CD4+T cells sig-
nificantly reduced the directed migration of splenic B cells to the liver
(Fig. 7A, B), suggesting that CD4+ T cells are critical for the resistance of
splenic B cells to intrahepatic metastasis of hepatocellular carcinoma.
Meanwhile, the frequency of hepatic B cells was significantly increased in
HCC-m mice compared with control mice, and the depletion of CD4+

T cells resulted in a significant decrease in the frequency of hepatic B cells
(Fig. 7C, D). Co-culture of splenic B cells derived from HCC-m mice and
Hepa1-6 cells resulted in a significant increase in the rate of apoptosis in the
latter (Fig. 7E, F).However, splenic B cells derived fromcontrolmice did not
exhibit cytotoxicity against Hepa1-6 cells, strongly suggesting a significant
role for CD4+ T cells in B cell resistance to Hepa1-6 cells (Fig. 7E, F).
Additionally, spleen-derived B cells expressed higher levels of IgM com-
pared to B cells originating from the liver, suggesting a stronger anti-tumor
effect (Fig. 7G, H). In conclusion, although CD4+ T cells were unable to
migrate from the spleen to the liver in large numbers, they could regulate the
migration of splenic B cells to the liver and were able to kill HCC cells
through upregulation of the expression of IgM. In addition, we observed a
significant reduction in CD40, MHC-II, and IgM expression in splenic B

cells from Jα18−/−mice (Fig. 7I, J). These data confirm thatB cell activation is
closely associated with the anti-metastatic cascade orchestrated by iNKT
and CD4+ T cells.

Discussion
Herein, we present evidence that the interaction between splenic iNKT
and CD4+ T cells plays a key role in inhibition of HCC metastasis.
Splenectomy and iNKT deficiency both can exacerbate the metastasis,
but splenic iNKT cell adoption can significantly decrease the burden of
HCC metastasis. Further analysis of the phenotypic changes of CD4+

T cells in HCC metastasis model of Jα18−/− mouse revealed key differ-
ences between CD4+ T cells and other immune cell populations. These
findings indicate that iNKT can interact with CD4+ T cells in the sub-
tissue niche of the spleen and affect the secretion of IL-4 by the latter.
RNA-seq analysis revealed the impact of iNKT deficiency on the tran-
scriptional signature of CD4+ T cells, which can significantly impair the
migration of CD4+ T cells. iNKT and CD4+ T cells are mainly co-
localized in the spleen marginal zone, and IFN-γ can serve as an
important factor in regulating the entry of CD4+ T cells into the WP.
Subsequently, splenic B cells migrate to the liver and exert cytotoxic
effects on Hepa1-6 cells. Collectively, these results demonstrated that the
cross-talk between iNKT and CD4+ T cells was a critical event in med-
iating immune signaling between the splenic marginal zone and WP,
ultimately impacting the progression of local invasion in HCC.

In advanced tumors, both tumor-specific CD4+ and CD8+ T cells lack
effector functions and express inhibitory receptors. This dysfunction/
exhaustion could be primarily attributed to continued exposure (for days to
weeks) to various tumor antigens and the immunosuppressive tumor
microenvironment30–32. During acute infection, 24 h of antigen stimulation
was found to be sufficient to facilitate CD8+ T cell proliferation and dif-
ferentiation into functional effector and memory states33,34. In addition,
recent studies have also reported that the function of CD8+Tcells in tumor-
bearing hosts was severely impaired 12 h after exposure to the tumor
antigens, and this reduction in effector function can begin as early as 6 h35.
Therefore, the initial 12 h after antigen exposure can serve as a critical
window for determining T cell fate and anti-tumor effects.

iNKTplays a crucial role inmediatingCD4+T infiltration into theWP
and IL-4 secretion, which is important for subsequentB cell-associated anti-
tumor effects. Activated B cells can proliferate and eventually differentiate
into three distinct functional subpopulations: germinal center B cells (GC B
cells) which undergo affinity maturation of their BCRs, thus ultimately
producing the progeny cells with high affinity for the corresponding anti-
gens, antibody-secreting B cells (ASCs) and memory B cells (MBCs)36. The
characteristic somatic hypermutations and relaxed cell cycle checkpoint
properties of GC B cells increase their susceptibility for the generation of
self-reactive clones and thereby predispose them to apoptosis as a protective
mechanism37. IL-4, (also known as B cell stimulation factor 1) has a sig-
nificant impact on regulating almost every stage of B cell fate. IL-4 can
effectively stimulate GC B cells by activating the BCL-XL—Stat6 axis while
protecting them from apoptosis38,39. In addition, IL-4 as also possess the

Fig. 4 | Splenic CD4+T cells inmice withHCC-m enhanced their interactionwith
iNKT and subsequently facilitated migration into the white pulp. A Intravital
microscopic observation of the spleen was carried out 4 h after the Hepa1-6 cell was
injected orthotopically into the spleen of CXCR6Gfp/+ mice. Fluorescein-conjugated
anti-mouse CD4 and CD169 antibodies were employed to label CD4+ T cells (Red)
andmarginal zones (Blue). Scale bar, 100 µm.White pulps have been indicated with
a white dashed line.B Statistical analysis of the number of CD4+T cells in white pulp
in each group. C Representative Z-Stack fluorescence co-localization images
(X = 240 µm, Y = 240 µm, Z = 40 µm) were obtained to analyze the potential inter-
actions between CD4+ T cells and white pulp at the different time points. D Flow
cytometry analysis of the proportion of CD4+ T cells in the spleen white pulp of
mice with HCC metastasis. Anti-mouse CD45-APC antibody was injected into the
tail vein of the mice 1 h before the experiment. APC- CD4+ T cells were CD4+ T cells
located in the white pulp. E Statistical analysis of the percentage of CD4+T cell in the

white pulp. F Determination of the migration trajectories of CD4+ T cells in the
control andHCC-mmice after adjusting the starting position. The datawas collected
from 5mice, and scanned for 10 min at 2-s intervals. A red dot represents one CD4+

Tcell.G Statistical analysis of the crawling distance andH crawling velocity ofmouse
splenic CD4+ T cells 4 h after orthotopic injection of Hepa1-6 cells into the liver.
I Statistical analysis of the number of contacts formed between splenic iNKT and
CD4+ T cells within 10 min. J Representative Z-Stack fluorescence co-localization
images (X = 240 µm, Y = 240 µm, Z = 40 µm)were collected to examine the potential
interactions between CD4+ T cells and iNKTs in different time points. K Statistical
analysis of the contact volume between CD4+ T cells and iNKT in each group. The
data shown was obtained from three independent experiments with n = 5 mice per
group. The data has been displayed as the mean ± SEM. *P < 0.05,
**P < 0.01, ***P < 0.001.
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capability to function as a potential costimulatory cytokine to induce B cell
proliferation40. Exposure of CD40L-stimulated B cells to IL-4 can promote
their polarization towards antigen-presenting cells41. Although IL-4 is not
required for antibody formation, it can serve as an important driver of IgE
and IgG1 class switching and can thereby promote the differentiation of B
effector 2 cells42,43. Moreover, IL-4 can profoundly influence the

differentiation fate of B cells by promoting differentiation of MBC and
negatively regulating the fate of ASC44.

Although immuno-oncology remains T-cell centric, several recent
studies concur that B-cell-infiltrated tumors have significantly better
prognosis and enhanced T-cell responses. The focus has been on the B cells’
capacity to cross present antigens to T cells when discussing their role in
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enhancing anti-tumor immunity. These B cells are usually organized into
the tertiary lymphoid structures (TLS) and distributed inside or outside the
tumor, which are predominantly aggregates of immune cells with lymph
node-like characteristics that have been reported to generate both local and
sustained immune responses45,46. B cells in TLS can form germinal centers
and actively produce different antibodies that can potentially recognize
tumor-associated antigens47. Antibodies secreted by B cells can effectively

recognize extracellular domains present on the surface of tumor cells and
thereby redirect the cytotoxic activity of both the natural killer cells and
myeloid cells against the tumor cells47. Interestingly, antibodies also have the
potential to facilitate uptake of the dying tumor cells by antigen-presenting
cells, thereby exposing intracellular antigens through antigenpresentation48.
In addition, tumor cell-derived exosomes can also be effectively neutralized
by antibodies49. Moreover, cytokine production by B cells can create a

Fig. 6 | Splenic CD4+ T cell depletion leads to increased metastatic burden of
hepatocellular carcinoma. A Flow cytometry analysis of the proportion of
splenic CD4+ T cells in WT and CD4+ T cell-depletion antibody intraspleni-
cally injected mice. B Statistical analysis of (A) (n = 3). C Representative

appearance of metastatic liver tumors in WT + Hepa1-6, WT + Hepa1-
6+ CD4+ T cell depletion antibody, and Jα18−/− + Hepa1-6+ CD4+ T cell
depletion-antibody mice. Tumor tissue is shown within the dotted boxes.
D Statistical analysis of (C) (n = 6), ***P < 0.001. **P < 0.01.

Fig. 5 | The migration of CD4+ T cells into the spleen white pulp was primarily
dependent on the IFN-γ/IFN-γ receptor signaling pathway. A Investigation of
IFN-γ, TNF-α, and IL-4 in iNKTs of indicated group through flow cytometry.
B Statistical analysis of IFN-γ, TNF-α, and IL-4 MFI of iNKTs of indicated group.
C Determination of expression of IFN-γ receptor and TNFR I in CD4+ T cells of
indicated group through flow cytometry.D Statistical analysis of IFN-γ receptor and
TNFR IMFI ofCD4+T cells of the indicated group.EWeperiplasmically transferred
primary iNKT cells (1 × 105) derived fromWT or IFN-γ−/− mice into the spleens of
Ja18−/− mice, followed by establishment of the HCC-M mouse model. Three days
later, the fluorescein-conjugated anti-mouse CD45 antibody was injected into the
mouse tail veins 15 min before the mice were euthanized. CD4+ T cells in the red
pulp were able to bind to the antibody, while CD4+ T cells in the white pulp were
unable to bind to the antibody. Flow cytometry was performed to analyze the

proportion of CD4+ T cells located in the white and red pulp. F Statistical analysis of
(E). G Intravital microscopic observation of the spleen was performed 4 h after
Hepa1-6 cell were injected orthotopically into the spleen of CXCR6Gfp/+, Jα18−/− and
CXCR6Gfp/+ IFN-γ−/− mice. Fluorescein-conjugated anti-mouse CD4 and CD169
antibodies were then used to label CD4+ T cells (Red) and marginal zones (Blue).
Scale bar, 100 µm. White pulps have been indicated with a white dashed line.
H Statistical analysis of the number of CD4+T cells in white pulp in indicated group.
I Expression levels of Stat1 and JCD40LmRNA in CD4+ T cells of Jα18−/−mice and
WTmice withHCCmetastasis.K Flow cytometry analysis of expression levels of IL-
4 in CD4+T cells of HCC-m IFN-γ−/−mice. L Statistical analysis of the percentage of
IL-4+ CD4+ T cells in the indicated group. The data shown was obtained three
independent experiments with n = 5mice per group. The data has been displayed as
the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

https://doi.org/10.1038/s42003-025-07798-2 Article

Communications Biology |           (2025) 8:351 10

www.nature.com/commsbio


Fig. 7 | Splenic B cells from HCC-mmice migrate to the liver and exert cytotoxic
effects onHepa1-6 cells. A Flow cytometrywas performed to analyze the percentage
of spleen-derived B cells in the hepatic B cell pool in the Ctrl, HCC-m, and HCC-m/
CD4+ T cell-depleted groups. B Statistical analysis of (A). C Flow cytometry was
used to analyze the frequency of hepatic CD19+ B cells in control mice, HCC-m
mice, andCD4+T cell depletionHCC-mmice.D Statistical analysis of (C).EHepa1-
6 cells (5 × 104) were co-cultured with splenic B cells (2 × 104) fromWT or HCC-m
mice in U-bottomed 96-well plates. After 3 days, the Hepa1-6 cells were collected

and incubated with Zombie UVTM dye. The percentage of dead Hepa1-6 cells was
analyzed by flow cytometry. F Statistical analysis of (E).G Flow cytometry was used
to analyze the expression levels of IgM and MHC-II in liver-derived and spleen-
derived B cells.H Statistical analysis of (G). I Flow cytometry was used to analyze the
expression levels of IgM, MHC-II, CD40, and CD25 in B cells in WT and Jα18−/−

mice. J Statistical analysis of (I). The data shown was obtained three independent
experiments with n = 3 mice per group. The data has been displayed as the
mean ± SEM. ***P < 0.001. **P < 0.01, *P < 0.05. NS: non-significant.
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microenvironment that could be more permissive to effector T cells but
detrimental to the tumor growth50. These properties of B cells can enable
them to exert substantial anti-tumor effects even outside the tumor tissues,
which is consistent with our current observations.

Ourdata reveal that splenic B cells, but not hepatic B cells, play a critical
role in resisting local invasion of hepatocellular carcinoma. On the one
hand, the spleen has a larger pool of B cells compared to the liver, where
hepatic B cells represent only a small fraction of the intrahepatic immune
cell population. In addition, B cells need to be activated in secondary lym-
phoid organs, such as the spleen and lymph nodes51. Hepatic B cells are
predominantly B-2 cells and are characterized by the secretion of IgG-type
antibodies. A specialized subpopulation of B cells exists at themargins of the
splenicwhite pulp, termedmarginal zoneB cells (Mz-B cells).Mz-B cells are
the main source of preexisting IgM in the body, and are capable of reacting
to antigens and converting into IgM-secreting plasma cells52. IgM has a
greater ability to activate the complement systemcompared to IgG,which in
turn exerts a cytotoxic effect on target cells53. Therefore, splenic B cells have a
stronger anti-tumor immune effect compared to hepatic B cells.

Overall, our current study proposes a mechanism through which the
potential interaction of splenic iNKT and CD4+ T cells can significantly
limit metastasis of HCC by inducing B cell migration to the liver. CD4+

T cells are primarily responsible for transmitting immune signals between
the spleen marginal zone and the WP. Additional research is required to
establish how B cells can effectively clear circulating tumor cells, conse-
quently mitigating the development of liver metastases Therefore, it is
anticipated that therapeutic approaches involving the activation of splenic
iNKTsor adoptive transfer of iNKT to the spleen can effectively suppress the
metastasis and recurrence of HCC after surgery.

Conclusion
The findings of this study demonstrated that splenic iNKTs inhibit intra-
hepatic metastasis of hepatocellular carcinoma. Splenic iNKTs promote the
entry of CD4+ T cells into the white pulp through the secretion of IFN-γ.
Subsequently, CD4+Tcellsmodulated themigration of splenic B cells to the
liver where they exert cytotoxic effects on Hepa1-6 cells. These findings
demonstrating the successful inhibition of HCC metastasis by splenic
iNKTs are of great significance. These results expand the understanding of
the immune surveillance mechanism of iNKT-mediated metastasis.

Methods
Animal experiments
Allmicewere kept in a pathogen-free facilitywith a 12 h light/dark cycle and
provided ad libitum access to food and water. All animal experiments were
conducted according to protocols approved by the Animal Ethics Com-
mittee of the affiliated Suzhou Hospital of Nanjing Medical University
(Project number K-2024-047). We have complied with all relevant ethical
regulations for animal use. Eight-week-old wild-type C57BL/6 mice were
purchased from ZiYuan Biotechnology Co. Ltd. (Hangzhou, China). The
IFN-γ−/− mice were kindly provided by Professor Yuanli Chen (Hefei
University of Technology, Hefei, China). In contrast to other groups who
have shown that intrasplenic injection of Hepa1-6 cells leads only to the
development of liver tumors54, the present study established amousemodel
of direct intrahepaticHCCmetastasis to better simulate the process of HCC
metastasis. Thismodel was established by the direct orthotropic injection of
5 × 105 Hepa1-6 cells (obtained from the National Collection of Authenti-
cated Cell Cultures of China) into the lower left lobe of the liver. After
10min, two-thirds of the liver lobewas removed to ensure that theHepa1-6
cells had entered the liver sinusoids but not the liver parenchyma (Fig. S7A).
Control mice were treated with in situ injection of physiological saline into
the liver, after which the liver tissue at the injection site was excised. The
absolute number of mCherry+Hepa1-6 cells within the resected liver tissue
was analyzed using flow cytometry. The data showed that the resected liver
tissue contained approximately one-third of the Hepa1-6 cells, indicating
that approximately two-thirds of the Hepa1-6 cells remained within the
mouse liver tissue (Fig. S7B). After a specified time, themice were sacrificed

for further evaluation. In themouse splenectomymodel, a 2–3mm incision
was made in the back of the mouse, after which the spleen was ligated and
excised directly, while in the control mice only the skin was incised but the
spleen was not removed.

Enrichment of murine splenic iNKTs and B cells
Single-cell suspensions of spleen cells were prepared as previously
described55. For splenic iNKTor B cell enrichment, 5 × 106 splenocyteswere
collected and incubated with allophycocyanin (APC)-conjugated CD1d-
PBS57-tetramer or an APC-conjugated anti-mouse CD19 antibody for
30min at 4 °C in the dark. The iNKTs and B cells were thereafter isolated
using an EasySep™Mouse APC Positive Selection kit (StemCell, CA, USA).
The purity of the cells after enrichment was over 95% (Fig. S7C). For the
establishment of the splenic iNKT adoptive transfer mouse model, 5 × 105

iNKTs were injected orthotopically into the spleens of the recipient mice.
To analyze the distribution of iNKTs after adoptive transfer, 1 × 105

primary iNKTcellswere injected in situ into the spleensof Ja18−/−mice.The
mice were sacrificed three days later, and the absolute number of iNKT cells
in the spleens, livers, and peripheral blood was analyzed by flow cytometry.
The iNKTs in the spleen, liver, and peripheral blood accounted for ~61% of
the total iNKT cell population (~6.1 × 104 cells) (Fig. S7D). Additional cells
may have been lost due to a variety of factors, such as cell death, lung
sequestration, or random error, among others. Secondly, the spleen con-
tained the greatest number of iNKT cells, accounting for ~85% of the total
(Spleen+ Liver+ Blood = 100%) (Fig. S7E). The spleen retained the vast
majority of iNKT cells in our iNKT cell adoption transfer model.

Intravital microscopy
CXCR6GFP/+ mice (Most iNKT cells express CXCR6, ~76% of GFP+ cells
were iNKTs (Fig. S7F)) were anesthetized by intravenous injection with
4mg/kg 2,2,2-tribromoethanol (Sigma-Aldrich, T48402) and 10mg/kg
xylazine (Sigma-Aldrich, X1126).Under anesthesia, an appropriate incision
was made in the right posterior part of the mouse to expose the spleen. The
mice were placed in the right decubitus position, spleen was pulled out and
exposed on the glass plate. The naked abdominal tissues were covered with
gauze soaked in saline to prevent the dehydration. During the experiment,
mice were placed on a special plate under a constant temperature control at
37 °C and continuously supplementedwith the normal saline to prevent the
tissue dehydration. For intravital imaging of iNKT andCD4+T cells, 5 μg of
fluorescein-conjugated anti-mouse-CD4 and anti-mouse-CD169 anti-
bodies, respectively were injected into the tail vein. Thereafter, motion
trajectories and contact volumes of iNKT and CD4+ T cells were recorded
and analyzed using confocal laser scanning microcopy (Zeiss, LSM800,
Germany). The Z-stack and video data was analyzed and displayed through
Imaris 9.0.1 and Zen 3.3 software.

Flow cytometry
Flow cytometry analysis of splenic cells and non-parenchymal cells of the
liver were performed based on our previously reported protocol56. Themice
were euthanized and spleen cells were mechanically dissociated with a
70 μmstrainer. A single-cell suspensionwas first incubatedwith anti-CD16
and anti-CD32 antibodies (BioLegend, San Diego, CA) to block the Fc
receptors. To analyze the absolute number of each cell populations, 100 μl of
Precision Count Beads were added (1 × 106/ml beads, BioLegend, San
Diego, CA) into the samples. The single-cell suspension was then washed
and resuspended in cold phosphate-buffered saline (PBS), followed by
incubation with fluorescein-labeled surfacemarker antibodies for 30min at
4 °C in dark. For intracellular cytokine staining, the various samples were
pre-treated with PMA/Ionomycin for 4 h (Brefeldin Awas added after 2 h),
after which the cells were fixed and permeabilized using the BD Fixation/
Permeabilization kit (BD, USA) according to the manufacturer’s instruc-
tions. Sample analysis was performed using a Cytoflex S flow cytometer
(Beckman Coulter, USA) and the data were analyzed using FlowJo
V10 software (Stanford University, USA) and Cyto Expert V2.4 (Beckman
Coulter).Details of the antibodies used in the study are provided inTable S1.
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The gating strategy of the cell population relevant to this study is demon-
strated in Fig. S8.

Splenic cell tracing experiment
One hundred microliters of EZ-Link Sulfo-NHS-LC-Biotin (Thermo
Fisher, Cat. # 21335, 1 mg/ml) were injected in situ into the mouse spleens.
This biotinylates only the surface proteins of whole cells as the negatively
charged reagent does not permeate cell membranes. The biotin on the
surfaces of the spleen-derived cells was able to bind to the fluorescein-
conjugated streptavidin but not to liver-derived cells. After 3 days, non-
parenchymal liver cells were prepared using the above method and incu-
bated with antibodies against surface markers and fluorescein-conjugated
streptavidin. The percentages of streptavidin-positive cells in the popula-
tions of interest were then determined by flow cytometry.

Mouse CD4+ T cells isolation and RNA-seq
CD4+T cells were isolated from themouse spleens (each group consisted of
3 mice) using MojosortTM CD4 T Cell isolation kit according to the man-
ufacturer’s instructions (BioLegend, San Diego, CA). We first added
appropriate quantity of TRIzol lysis buffer (Invitrogen, CA, USA) into the
cell sample tube (1mLTRIzol for 1 × 106 cells) and total RNAwas extracted
according to the manufacturer’s instructions. The transcriptome sequen-
cing and analysis were performed by BGI Genomics (Shenzhen, China).
Essentially, differential expressionanalysiswas carriedoutusing theDESeq2
(v1.4.5) with Q value ≤ 0.05 (or FDR ≤ 0.001).

Gene Annotation
To analyze the changes in phenotype,GOandKyotoEncyclopedia ofGenes
and Genomes (KEGG) enrichment analyses of various annotated differ-
entially expressed genes (DEGs) was performed by Phyper based on
Hypergeometric test. The significant levels of the terms and pathways were
corrected by P value with a rigorous threshold (P ≤ 0.05). GSEAwas carried
out using GSEA software.

Statistics and reproducibility
GraphPad Prism software (Version 9.0, USA) was used for all the statistical
analyses. For the comparisons between the two sets of samples, an unpaired
t-test withWelch’s correction or an unpaired two-tailed Student’s t-test was
performed. One-way analysis of variance (ANOVA) with a multiple-
comparison testwas conducted for comparisons among themultiple groups
of samples. A threshold ofP < 0.05was considered as statistically significant.

For the RNA-seq analysis involved in this study, n = 3 mice were used
for each group. All samples were independent and groups balanced with
controls. The sequencing datawasfilteredwith SOAPnuke by (1)Removing
reads whose low-quality base ratio (base quality less than or equal to 15) is
more than 20%; (2) Removing reads containing sequencing adapter; (3)
Removing reads whose unknown base (‘N’ base) ratio is more than 5%,
afterwards clean reads were obtained and stored in FASTQ format.
Expression level of genewas calculated by RSEM (v1.3.1). The heatmapwas
drawn by pheatmap (v1.0.12) according to the gene expression difference in
different samples. Essentially, differential expressionanalysiswasperformed
using the DESeq2 (v1.4.5) with Q value ≤ 0.05 (or FDR ≤ 0.001).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All RNA-seq data generated in this work have been deposited into the
sequence read archive (SRA) database (PRJNA1022450; PRJNA1180960).
Supplementary Video S1 and Video S2 have been stored in the Figshare
repository (https://doi.org/10.6084/m9.figshare.28357778). Table S1 has
been stored in the Figshare repository (https://doi.org/10.6084/m9.figshare.
28365959). All other data used or analyzed during the current study are
available from the corresponding author on reasonable request.
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