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Cross-talk between lactate metabolism and
immunity reveals CEP55 as a potential
regulator in the immunosuppressive
microenvironment of
hepatocellular carcinoma
The interaction of lactate metabolism with immunity plays
a crucial role in the remodeling of the immune microenvi-
ronment and even in the heterogeneous progression of
hepatocellular carcinoma (HCC). The intratumor-accumu-
lated lactate served a vital role in the inefficacy of anti-
tumor immune responses, the aggressiveness of tumor
cells, and immunotherapy.1 Furthermore, lactate gener-
ated from the tumor microenvironment can be used as fuel
for the proliferation and infiltration of immunosuppressive
cells.2 Previous studies regarding the taxonomies of HCC,
solely from the perspective of lactate3 or tumor immune
microenvironment4 may introduce the potential for bias in
the comprehension of HCC heterogeneity. Thus, decipher-
ing the crosstalk properties between lactate and immune is
imperative.

In this study, we aimed to explore the crosstalk be-
tween lactate metabolism and immunity in HCC. We
identified and validated lactate-immune-based subtypes
(LIBS) in 1378 patients from six cohorts (Table S1). Our
workflow is illustrated in Figure S1. Immune cell abun-
dance and lactate metabolic dysregulation were widely
observed in HCC samples compared with normal samples
(Fig. 1A, B). To further explore the potential interactions
between immunity and lactate metabolism, the correla-
tion analyses between lactate-related pathways and im-
mune cells were implemented. This exhibited that
activation of the lactate pathways tended to be positively
correlated with immunosuppressive cells, implying that
elevated lactate levels might contribute to the
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establishment of tumor immunosuppressive microenvi-
ronment (Fig. 1C; Fig. S2A).

Subsequently, we retrieved immune- and lactate-
related genes (Table S2) and identified prognostic-associ-
ated lactate-related genes (LRGs) and immune-related
genes (IRGs) using univariate Cox analysis (Supplementary
Methods; Fig. S2B, C). The four clusters with distinct
expression patterns were identified via the iClusterBayes
algorithm (Fig. S2D, E). We found that most LRGs and
immunosuppressive genes, especially SPP1, were highly
expressed in the LIBS1. Notably, the expression of indi-
vidual LRGs and IRGs showed obvious correlations
(Fig. S2F). Furthermore, the robustness and reproduc-
ibility of LIBS were assessed in validation datasets through
the nearest template prediction (NTP) and subclass map-
ping analysis (SubMap) algorithms (Fig. S2G). LIBS pre-
sented significant differences in clinical prognosis, with
LIBS1 exhibiting the poorest outcome (Fig. 1D; Fig. S2H, I).
Furthermore, LIBS1 and LIBS4 possessed more aggressive
clinical features comprising advanced TNM stage and
vascular invasion (Fig. S3A). Cox regression revealed that
LIBS1 and LIBS4 were independent prognostic indicators
(Fig. S3B). We also explored the correlation between LIBS
and previous HCC classifications, in which LIBS1 was
associated with iCluster 1 and Serum All (dismal prognosis)
(Fig. S3C). Overall, LIBS1 was characterized by elevated
lactate and immunosuppression with poor prognosis.

To unravel the distinctive biological processes of LIBS,
we conducted enrichment analyses. LBS1 was remarkably
enriched in hypoxia, glycolysis, and proliferation path-
ways. LIBS2 and LIBS3 were characterized by an elevated
activity in fatty acid and bile acid metabolism. Notably,
LIBS2 showed significant enrichment in the PPAR signaling
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Figure 1 Development of hepatocellular carcinoma (HCC) lactate-immune-based subtypes (LIBS) and identification and vali-
dation of prognostic key biomarker. (A) The distribution difference of the infiltration of 28 immune cells between normal and tumor
groups. (B) The distribution of lactate-related pathways between normal and tumor groups. (C) The correlation between lactate-
related pathways and immunosuppressive cells. (D) KaplaneMeier curves of overall survival among LIBS. (E) Heatmap of gene
expression patterns of prognostic-associated lactate-related genes (LRGs) and immune-related genes (IRGs) in distinct clusters. (F)
The radar plot of the differences in the anti-cancer immune status and immunogenicity among LIBS. (G) SubMap analysis revealed
the potential of immune checkpoint inhibitor (ICI) therapy. (H) Transcatheter arterial chemoembolization (TACE) and sorafenib
response ratio of LIBS. (I) Selection of the feature gene for LIBS1 according to the highest mean receiver operating characteristic
(ROC) statistic. (J) The correlation between CEP55 and immune cells/immune-related signatures. (K) The distribution of lactate-
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pathway, in contrast, LIBS3 was associated with the Wnt/
b-catenin pathway, indicating distinct molecular mecha-
nisms underlying these subtypes. LIBS4 demonstrated
notable enrichment in immune-related pathways and
simultaneously presents distinctive angiogenesis activity
(Fig. S4). Additionally, LIBS displayed distinct immune
phenotypes, in which LIBS1 and LIBS4 displayed a superior
abundance of immune cell infiltration with a higher pro-
portion of immunosuppressive cells, particularly, regula-
tory T cells, and myeloid-derived suppressor cells. While
LIBS2 and LIBS3 showed a higher proportion of immune-
activated cells, encompassing M1 macrophages and nat-
ural killer cells (Fig. S5A, C). To gain an insight into the
difference in tumor clearance effect among LIBS, we
further investigated the immunogenicity by mapping
immunogram and thus characterized the ability to clear
tumor cells.5 LIBS2 and LIBS3 possessed the absence of
inhibitory immunocytes and immune checkpoint expres-
sion. Whereas, LIBS1 and LIBS4 displayed higher T-cell
immunity, recognition of cancer cells, and priming and
activation of anti-tumor immune (Fig. 1F). Notably, most
of the immune checkpoint molecules markedly up-regu-
lated in both LIBS1 and LIBS4, accompanied by higher
scores in the antigen presentation score and tumor
inflammation signature, indicating the potential to
benefit more from immune checkpoint inhibitor therapy
(Fig. S5B, D). SubMap analysis demonstrated that LIBS1
and LIBS4 were more appropriate for immune checkpoint
inhibitor treatment (Fig. 1G).

Prior analysis showed that LIBS1 was associated with
hypoxia. However, hypoxia is a culprit of immunotherapy
failure. To gain a deeper understanding of the mechanism
by which LIBS1 benefits from immunotherapy, we calcu-
lated hypoxia scores for the IMvigor210 cohort utilizing
hypoxia-related genes through the gene set variation
analysis (GSVA) algorithm. As expected, patients unre-
sponsive to anti-PD-L1 therapy exhibited higher hypoxia
scores. Further, patients in LIBS1 were stratified into high
and low hypoxia score groups using the median value
(Table S3), with SubMap analysis subsequently validating
the resistance of the hypoxia phenotype to anti-PD-L1
therapy (Fig. S5E, F). Additionally, we assessed the
sensitivity of LIBS to transcatheter arterial chemo-
embolization and sorafenib treatment. LIBS2 and LIBS3
revealed sensitivity to transcatheter arterial chemo-
embolization, while LIBS4 benefited from sorafenib ther-
apy coinciding with higher angiogenesis activity (Fig. 1H).

We further investigated the genomics landscape of LIBS,
encompassing mutations and chromosomal variations. We
noticed distinct mutational differences, with TP53 domi-
nating in LIBS1 and CTNNB1 being more frequent in LIBS3.
Moreover, chromosomal amplifications and deletions
exhibited significant distributional differences among LIBS
(Fig. S6A). The characterization of copy number variations
on chromosomes, assessed in terms of bases, segments, and
related pathways between high and low CEP55 expression levels. (L)
CEP55 with different small interfering RNAs (siRNAs) in HCC cell lin
real-time PCR (qRT-PCR) analysis. (MeQ) Cell counting kit-8 (CC
incorporation assay (N), colony formation assay (O), transwell migr
**P < 0.01, ***P < 0.001.
chromosomal arms, revealed that LIBS1 exhibited the
highest burden of arm gain and focal loss, portending a
pronounced genomic and chromosomal instability, echoing
dismal prognosis (Fig. S6BeG).

To elucidate the prognostic mechanism of LIBS1, we
screened LIBS1 characteristic genes with hazard ratio >1
and P < 0.05 (Fig. S5G) and further assessed the values for
the area under the curve of the risk genes in the validation
cohort. Ultimately CEP55 with the highest mean receiver
operating characteristic statistic was considered to be the
LIBS1 prognostic key gene (Fig. 1I; Fig. S5H). Notably, CEP55
was positively associated with an immunosuppressive
phenotype with more immunosuppressive cells and inhibi-
tory molecules and checkpoints. Moreover, a higher
expression level of CEPP55 was associated with lactate
generation-related pathways, indicating a pivotal role for
CEPP55 as a hyperlactate and immunosuppressive tumor
microenvironment (Fig. 1J, K). To deeply investigate the
potential biological function of CEP55 in HCC cell lines, we
silenced the function of CEP55 by siRNAs and found that the
growth potential of HCC cells was diminished (Fig. 1L).
Therefore, we performed several assays including CCK-8
assay, EdU incorporation assay, transwell migration assay,
and scratch assay to verify the effect of CEP55 on the
proliferation and migration ability of HCC cells (Fig. 1MeQ).
Altogether, CEP55 knockdown significantly reduced HCC
cell proliferation and migration compared with the normal
control group suggesting that CEP55 might serve as a
prognostic potential biomarker for LIBS1.

Overall, deciphering the complex interaction of lactate
metabolism with immunity in HCC provides novel insight for
understanding the mechanism of microenvironment
remodeling, which assists integrated clinical management
and optimizes precision therapy for HCC.
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Data availability

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2024.101399.
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