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BACKGROUND: This study aimed to investigate the prognostic impact of lymph node metastasis (LNM) on patients with colorectal
cancer liver metastasis (CRLM) and elucidate the underlying immune mechanisms using multiomics profiling.
METHODS: We enrolled patients with CRLM from the US Surveillance, Epidemiology, and End Results (SEER) cohort and a
multicenter Chinese cohort, integrating bulk RNA sequencing, single-cell RNA sequencing and proteomics data. The cancer-specific
survival (CSS) and immune profiles of the tumor-draining lymph nodes (TDLNs), primary tumors and liver metastasis were
compared between patients with and without LNM. Pathological evaluations were used to assess immune cell infiltration and
histological features.
RESULTS: The CRLM patients with LNM had significantly shorter CSS than patients without LNM in two large cohorts. Our results
showed that nonmetastatic TDLNs exhibited a greater abundance of immune cells, including CD4+ T cells, CD8+ T cells, and
CD19+ B cells, whereas metastatic TDLNs were enriched with fibroblasts, endothelial cells, and macrophages.
Immunohistochemical analysis confirmed elevated levels of CD3+ T cells, CD8+ T cells, and CD19+ B cells in nonmetastatic TDLNs.
The presence of nonmetastatic TDLNs was associated with enhanced antitumor immune responses in primary tumors,
characterized by a higher Klintrup–Makinen (KM) grade and the presence of tertiary lymphoid structures. Furthermore, liver
metastasis in patients with nonmetastatic TDLNs were predominantly of the desmoplastic growth pattern (dHGP), while those with
metastatic TDLNs were predominantly of the replacement growth pattern (rHGP).
CONCLUSIONS: This research highlights the adverse prognostic impact of LNM on patients with CRLM and reveals potential related
mechanisms through multiomics analysis. Our research paves the way for further refinement of the AJCC TNM staging system for
CRLM in clinical practice.
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INTRODUCTION
Colorectal cancer (CRC) is the second leading cause of cancer-
related mortality globally [1]. The liver is the most common organ
of distant metastasis in CRC [2]. However, the metastasis status of
tumor-draining lymph nodes (TDLNs) in patients with colorectal
cancer liver metastasis (CRLM) has not received adequate

attention. Previous studies have indicated that 27.1–38.2% of
CRLM patients do not exhibit lymph node metastasis (LNM) [3, 4].
The significance of LNM is often overlooked in prognostic
evaluations for CRLM patients based on the TNM staging system
[5–7], and the presence or absence of LNM does not affect the
decision-making of treatment plans. However, several studies
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have shown that despite the high mortality rate of patients with
CRLM, patients with CRLM without LNM tend to have a better
prognosis than those with LNM [3, 4].
TDLNs are the primary sites for the LNM of tumor cells. The

TLDNs play a pivotal role in the intricate interplay between tumors
and the host immune system, exerting profound immunological
effects on tumor progression [8–12]. Recent studies have high-
lighted the concept of the “tumor–immunity cycle,” wherein
continuous crosstalk between tumor cells and immune cells within
TDLNs regulates the immune response against cancer [13]. Within
the tumor microenvironment, TDLNs act as critical sites for the
priming and expansion of immune cells, particularly T cells
[14, 15]. Moreover, TDLNs facilitate the recruitment and activation
of various immune cell subsets, including dendritic cells, B cells,
and natural killer cells, which collectively contribute to the
antitumor immune response. This dynamic interaction between
tumor cells and immune cells within TDLNs shapes the overall
immune landscape of the tumor microenvironment, influencing
disease progression and patient outcomes. Disruption of the cell
cycle, often observed in TDLN metastasis, can compromise
antitumor immunity, facilitating tumor evasion and progression
[16]. Understanding the intricate immunological dynamics within
TDLNs is paramount for deciphering the mechanisms underlying
CRC metastasis and devising novel immunotherapeutic strategies.
Since TDLNs play key roles in the immune response, influencing

the efficacy of treatments for CRLM, and LNM is often overlooked
in CRLM prognosis evaluation, these compelling findings
prompted us to assess the role of TDLNs in CRLM. Leveraging
advanced techniques such as single-cell analysis and multiomics
approaches can provide deeper insights into the complex cellular
and molecular interactions occurring within TDLNs. To the best of
our knowledge, no study has explored the mechanisms by which
LNM affects the prognosis of CRLM. These findings could be very
valuable for refining the TNM staging system for CRC and paving
the way for more effective immunotherapeutic interventions for
CRC management, which is the underlying goal of our research.
In this study, we leveraged data from two large population-

based cohorts and integrated multiomics resources, including bulk
and single-cell transcriptomics, proteomics, and pathomics data,
to elucidate the intricate mechanisms underlying the impact of
LNM in CRLM patients. Our findings will improve our under-
standing of CRC progression and may guide refinement of the
TNM staging system. This study also provides valuable clinical and
mechanistic insights obtained via multiomics profiling of TDLNs
and primary and metastatic tumors that can guide clinical
management and prognosis assessment.

METHODS
Ethics statement
The clinicopathological data collection for this study was conducted
according to the principles of the Declaration of Helsinki. All tissue
samples, including paired primary tumor, liver metastasis, and TDLN
samples, were obtained in accordance with national guidelines. These
tissues were collected from surgical specimens after macroscopic
examination by two pathologists. For each specimen, a fragment was
utilized for transcriptomic and proteomic sequencing. The remainder of
the tissue was immediately used to generate formalin-fixed and paraffin-
embedded (FFPE) samples for histopathology. All patients provided signed
informed consent, and the study was evaluated and approved by the
institutional review board (IRB) of the National Cancer Center/Cancer
Hospital, Chinese Academy of Medical Sciences & Peking Union Medical
College and Shanxi Hospital Affiliated to Cancer Hospital, Chinese
Academy of Medical Sciences & Peking Union Medical College.

Patient cohorts
The workflow of this research is presented in Fig. 1. The US Surveillance,
Epidemiology, and End Results (SEER) cohort consisted of patients with
CRLM who underwent surgical resection between January 2010 and

December 2017. Patient samples were uniformly reviewed and staged
according to the 8th edition of the AJCC TNM staging system. A
multicenter Chinese cohort comprising CRLM patients from four Chinese
tertiary centers was enrolled based on the same criteria. To ensure the
accuracy of the TDLN status of the enrolled patients, the number of TDLNs
examined in all patients was greater than 12. The baseline characteristics
of these two cohorts are summarized in Supplementary Table 1.
Furthermore, the baseline characteristics of the two groups were matched
by Inverse Probability of Treatment Weighting (IPTW) to reduce selection
bias [17].

Survival analysis
The primary outcome was cancer-specific survival (CSS), which was defined
as the time interval from diagnosis until cancer-specific death or the end of
follow-up in the Chinese cohort, and CSS was defined using SEER cause-of-
death codes in the SEER cohort [18]. Multivariate analysis was performed
using the Cox proportional hazards regression model to adjust for
confounding factors and further elucidate the impact of LNM on survival.
Survival analyses were performed using the Kaplan‒Meier method, and
differences between groups were assessed with the log-rank test.

Multiomics sequencing sample preparation
Preoperative adjuvant therapies such as radiotherapy and chemotherapy
can affect the status of the TDLN. Consequently, obtaining samples of
TDLNs with clear metastasis status can be difficult since adjuvant
treatment can affect metastasis status. To compare the transcriptomic
differences between metastatic and nonmetastatic TDLNs, we collected
173 TDLNs from 82 patients with stage I-III CRC at the National Cancer
Center for comprehensive bulk RNA sequencing analysis. Among these
TDLNs, 139 were nonmetastatic, and 34 were metastatic.
To further clarify the impact of tumor metastasis on the cellular

components of TDLNs, we collected 3 primary tumor tissues and 8 paired
TDLNs from 3 CRC patients, one with LNM and two without LNM, for
single-cell RNA sequencing. Among these, there were 2 metastatic TDLNs
and 6 nonmetastatic TDLNs.
We also generated FFPE [19] samples from the tumor tissue of patients

with CRLM at Shanxi Cancer Hospital during surgery, among whom 14 had
LNM and 6 did not. In total, there were 20 primary tumors paired with 20
liver metastases, 21 nonmetastatic TDLNs and 12 metastatic TDLNs, for
proteomics sequencing. The tumor regions were evaluated by pathological
examination.
More detailed methods of sequencing data analysis are presented in the

Supplementary Methods.

Pathological evaluation
We collected tissue samples from CRLM patients at the National Cancer
Center during surgery; 24 of these patients had LNM, and 20 did not. The
obtained samples comprised 44 primary tumors, 44 paired liver
metastases, 51 nonmetastatic TDLNs and 55 metastatic TDLNs. The
microsatellite instability (MSI) status of 428 CRLM patients from Shanxi
Cancer Hospital was evaluated, and 316 of these patients presented with
LNM. All pathological evaluations were conducted by two independent
pathologists. In cases of disagreement, a final decision was made by a
pathology expert with over 10 years of experience.
H&E staining was used to evaluate the extent of the inflammatory

response around the primary tumor and the morphology of the liver
metastatic lesion and the TDLNs. For immunohistochemistry (IHC), the
densities (cells/mm2) of CD3-, CD8- and CD19-positive immune cells were
calculated using image analysis (HALO Indica Labs). Manual counting was
performed by an experienced pathologist, and Pearson correlation analysis
was conducted between the manual count and the HALO-positive cell
count to ascertain the accuracy of machine counting (Supplementary
Fig. 1).
The invasion front (IF) that consisted of a width span of 500 μm inside

and outside the invasive margin was delineated. The tumor core area (CT)
was set as the whole tumor area excluding the 500 μm before the IF. The
KM grade was determined as previously described [20]. The invasive
margin was analyzed for the presence of immune cells; low-grade tumors
exhibited mild or patchy immune cell infiltration without evidence of
destruction of cancer cell islets, while high-grade tumors exhibited band-
like immune cell infiltration. Crohn-like lymphoid reactions (CLRs) were
defined as lymphoid structures surrounding the primary tumors but were
excluded if they were (1) associated with the mucous membrane (mucosa-
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associated lymphoid tissue, MALT); (2) considered parts of mesenteric
small lymph nodes; or (3) irregularly shaped, long and narrow, or
nonnodular [21]. The number of CLRs was counted, and the length of
the invasive front was measured. CLR density was defined as the number
of CLR follicles divided by the length of the invasive front [22].
The histological growth patterns (HGPs) of liver metastases are divided

into three patterns, namely, the desmoplastic pattern, pushing pattern,
and replacement pattern [23]. The specific assessment method has been
described in previous studies [24]. Since the desmoplastic pattern is
associated with a better prognosis, the pushing pattern and replacement
pattern are defined as nondesmoplastic patterns [25]. If multiple HGPs
were observed in a single tumor, the pattern observed in more than 50%
of the total tumor area was considered the final pattern.
The TDLNs were evaluated based on morphological differences and

considered to have germinal center (GC) predominance, lymphocyte
predominance, lymphocyte depletion, or other features. The evaluation
method has been reported in previous studies [26]. For metastatic TDLNs,
pathologists evaluated the remaining lymphoid tissue, excluding the
metastatic tumor tissue.

Statistical analysis
Categorical variables are presented as numbers with percentages, while
quantitative variables are presented as medians with interquartile ranges
(IQRs), unless indicated otherwise. Student’s t test and the Mann‒Whitney
U test were used for continuous data. Fisher’s exact test was used for
categorical data. The log-rank test and Kaplan–Meier survival curve were
used to compare CSS between groups. All the statistical tests were 2-sided,
and P < 0.05 was considered to indicate statistical significance. A
significance level of P < 0.05 was assumed for all the statistical evaluations.
All the statistical analyses and data visualizations were performed using R
4.2.1 software.
More detailed methods of sample preparation and processing are

presented in the Supplementary Methods.

RESULTS
Baseline characteristics
A total of 8035 and 1305 CRLM patients in the SEER cohort and
Chinese cohort, respectively, who underwent surgical resection
were included in this study. The baseline characteristics are shown
in Supplementary Table 1. We conducted a comparative analysis
of baseline characteristics between the LNM group and Non-LNM
group, both before and after IPTW, in these two cohorts
(Supplementary Table 2). After applying IPTW, the Non-LNM
group and the LNM group were similar both in the SEER cohort
and the Chinese cohort. This process ensured a well-balanced
distribution of baseline characteristics between the two groups,
including age at diagnosis, sex, race, primary tumor site, tumor
histology type, postoperative radiotherapy and/or chemotherapy,
surgical procedure, and tumor size (all p > 0.05).

LNM leads to worse CSS in patients with CRLM
To further explore the prognostic effect of LNM in patients with
CRLM, we conducted Kaplan‒Meier survival analysis. Non-LNM
remained associated with a better prognosis even after adjusting
for other clinicopathological prognostic factors in the SEER cohort
(HR= 1.72; 95% CI, 1.59–1.86; p < 0.001), making it an indepen-
dent prognostic factor for stage IV CRC patients (Supplementary
Table 3). The same conclusion was validated in the Chinese cohort
(HR= 1.46; 95% CI, 1.24–1.73; p < 0.001). Both before and after
IPTW, Kaplan‒Meier survival analysis revealed that patients with
LNM had significantly worse CSS (all log-rank p < 0.001) than
patients without LNM in the SEER cohort (Fig. 2a, b). In the Chinese
cohort, patients with LNM also had significantly worse CSS (all log-
rank p < 0.001) than patients without LNM (Fig. 2c, d).

Gene expression characteristics of metastatic and
nonmetastatic TDLNs
The gene expression levels of TDLNs were compared between the
metastatic and nonmetastatic TDLN groups. The results revealed

that 3116 genes were upregulated, while 1870 genes were
downregulated in the metastatic TDLN group (Supplementary
Fig. 2a). Among them, the epithelial cell differentiation-related KRT
gene family, the cell cycle regulation gene FAM83H, and the
tumor metastasis-related genes EPS8L1 and TNS4 were upregu-
lated in metastatic TDLNs. Conversely, immune regulation-related
genes such as CLEC4M and CD5L were downregulated in these
lymph nodes.
To further characterize the biological attributes distinguishing

the metastatic and nonmetastatic TDLN groups, we employed
Metascape enrichment analysis. In the metastatic TDLN group, the
pathways enriched in the upregulated genes were associated with
stromal cell activation, including cell junction and adhesion,
fibroblast-mediated extracellular matrix organization, endothelial
cell-mediated blood vessel development and epithelial cell
differentiation (Supplementary Fig. 2B). The downregulated genes
were primarily enriched in pathways related to adaptive immunity,
including the regulation of lymphocyte activation, differentiation,
immune effector processes and antigen receptor-mediated
signaling (Supplementary Fig. 2C).

Single-cell RNA sequencing reveals differences in the TDLN
microenvironment
After preprocessing and quality control, our single-cell atlas
contained high-quality transcriptomes from 84623 cells spanning
both tumor and immune compartments. Unsupervised clustering
analysis revealed 18 distinct clusters, including all major known
epithelial, mesenchymal, and leukocyte lineages (Fig. 3a). Uniform
manifold approximation and projection (UMAP) plots based on
the sample of origin further revealed the impact of tumor
metastases on the cellular composition of TDLNs (Supplementary
Fig. 3A). Compared to nonmetastatic TDLNs, metastatic TDLNs
showed a substantial presence of epithelial cells with similar
characteristics to those of the primary tumor, consistent with the
typical definition of LNM. For accurate cell type determination, we
only used highly variable genes between cell types (Supplemen-
tary Fig. 3B). We then compared the microenvironmental
composition at distinct sites of origin (Fig. 3b). In general,
lymphocytes, including CD4+ T cells, CD8+ T cells, and B cells,
represented the largest immune subpopulation within nonmeta-
static TDLNs, while metastatic TDLNs contained a relatively greater
proportion of fibroblasts, endothelial cells and macrophages.
To further validate the results of single-cell RNA sequencing, we

conducted cell composition prediction using bulk RNA sequen-
cing data from the aforementioned 173 TDLNs. Unlike traditional
immune infiltration analyses, we conducted cell composition
prediction using lymph node single-cell RNA sequencing data as a
reference based on CIBERSORTx [27]. The numbers of lympho-
cytes, including CD4+ T cells, CD8+ T cells, and B cells, were
increased in nonmetastatic TDLNs (Fig. 3c, p < 0.001, p < 0.001, and
p < 0.001, respectively). In metastatic TDLNs, there was a
significant increase in fibroblasts, epithelial cells, and macro-
phages (Supplementary Fig. 3C, p < 0.05, p < 0.001, and p < 0.001,
respectively). Then, we identified DEGs that were upregulated or
downregulated in each cell type by comparing samples from
patients with and without LNM. The upregulated DEGs in patients
with LNM were also highly expressed in epithelial cells, fibroblasts,
macrophages, and endothelial cells (Supplementary Fig. 3D). The
downregulated DEGs in patients with LNM were highly expressed
in CD4+/CD8+ T cells and B cells (Fig. 3d).
In addition to changes in cell count and proportion, we further

investigated the transcriptomic differences of B cells, CD4+ T cells,
CD8+ T cells, and macrophages between metastatic and non-
metastatic TDLNs (Supplementary Fig. 4A). First, we performed
Gene Ontology (GO)/Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis on genes downregulated in each cell
type in metastatic TDLNs compared to non-metastatic TDLNs. We
found that in metastatic TDLNs, biological processes such as B cell
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activation and B cell-mediated immunity were downregulated,
and molecular functions such as immune receptor activity were
inhibited (Supplementary Fig. 4B). For both CD4+ T cells and
CD8+ T cells, impairments in cell activation and differentiation
were found (Supplementary Fig. 4C, D). For macrophages, the
biological process of antigen processing and presentation was
suppressed, leading to a reduced capacity for producing
molecules that mediate immune responses and a diminished
ability to regulate adaptive immunity (Supplementary Fig. 4E).
Similarly, we also performed enrichment analysis on the
upregulated genes, and the results are presented in Supplemen-
tary Fig. 5. In conclusion, after the metastasis of tumor cells, the
transcriptome of TDLNs is altered to induce immune dysfunction
and stromal cell proliferation.

The impact of LNM on the TDLNs of patients with CRLM
We first validated the above findings via proteomic sequencing.
We found that the T-cell marker gene CD247 and the B-cell marker
genes TCL1A and BANK1 were upregulated at the protein level,
while the epithelial cell marker gene MACC1 and the macrophage
marker genes FBP1, SPP1, and TFRC were downregulated (Fig. 4a
and Supplementary Fig. 6A). A total of 309 proteins were
differentially expressed, with 187 upregulated and 122 down-
regulated (Fig. 4b, c). To further explore the biological processes

associated with LNM in the TDLNs of patients with CRLM, we
conducted pathway enrichment analysis. KEGG enrichment
analysis revealed that the downregulated proteins were mainly
associated with immune-related pathways, including the T/B-cell
receptor signaling pathway, helper T-cell differentiation pathway,
and antigen processing and presentation pathway (Fig. 4d). GSEA
also demonstrated the same results (Fig. 4e, g, Supplementary
Fig. 6B, C). We also examined the expression of proteins related to
these four downregulated pathways and found that they were all
downregulated in metastatic TDLNs (Fig. 4f, h, Supplementary
Fig. 6D). Additionally, we found that the upregulated proteins
were mainly enriched in the extracellular matrix (ECM)-receptor
interaction pathway, with ECM-related proteins such as COL1A1,
FN1, and ITGB3 being upregulated in metastatic TDLNs (Supple-
mentary Fig. 6E–G).
We further validated the impact of LNM on the immune

function of TDLNs at the pathological level. When LNM occurred,
the immune microenvironment of the TDLNs was comprehen-
sively suppressed, leading to a decrease in the density of CD3+ T
cells, CD8+ T cells, and CD19+ B cells (Fig. 4i, j, p < 0.001,
p= 0.031, and p < 0.001, respectively). Morphologically, meta-
static TDLNs were predominantly characterized by the lympho-
cyte depletion type (Supplementary Fig. 7, 36.4% vs. 9.8%,
p < 0.05), while nonmetastatic TDLNs were predominantly
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characterized by the GC predominance type (41.2% vs. 14.5%,
p < 0.05). No significant differences were observed between the
LNM group and Non-LNM group in terms of lymphocyte
predominance type (36.4% vs. 41.2%, p > 0.05). In summary,
our proteomic and pathological analyses both revealed immune
dysfunction in metastatic TDLNs.

The impact of LNM on primary tumors in patients with CRLM
Next, we validated the impact of LNM on CRLM at the level of the
primary tumor. Only 52 proteins were differentially expressed in
the primary tumor, with 33 upregulated and 19 downregulated
DEGs (Supplementary Fig. 8A, B). GO enrichment analysis
indicated that the downregulated proteins were mainly associated
with immune response-related biological processes (Supplemen-
tary Fig. 8C, D). Unfortunately, we did not find any pathways
enriched in differentially expressed proteins based on the KEGG
enrichment analysis.

However, we did observe the impact of LNM on the primary
tumor at the pathological level. Halo image analysis was applied
to accurately assess the number of IF-positive cells according to
Pearson correlation analysis (Fig. 5a, b, p < 0.001). Compared to
that of those in the group without LNM, the density of CD3+

T cells and CD19+ B cells in the IF in the group with LNM was
significantly lower (Fig. 5c–e, p= 0.018 and p= 0.017, respec-
tively). Moreover, 30% of the primary tumors had a high KM grade
in the non-LNM group, which was significantly greater than the
proportion of tumors with a high KM grade in the LNM group
(Fig. 5f, g, p < 0.05). The density and number of CLRs were greater
in the group without LNM (Fig. 5h, i and Supplementary Fig. 8F,
p= 0.006 and p= 0.038, respectively). The group without LNM
had a greater proportion of patients with deficient mismatch
repair (dMMR) status (Supplementary Fig. 8H, 10.7% vs. 4.1%,
p < 0.05). We further investigated the prognostic impact of LNM
under different MSI statuses in CRLM patients. Patients with pMMR
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without LNM had a better prognosis (Supplementary Fig. 9A, log-
rank p < 0.0001), whereas among dMMR patients, there was no
statistically significant difference in prognosis between those with
and without LNM (Supplementary Fig. 9B, log-rank p= 0.64).
However, the LNM group showed a trend toward poorer
outcomes. No significant differences were observed between
the two groups in the other subgroup analyses (Fig. 5e and
Supplementary Fig. 8). In conclusion, we found that the TDLN
status affected the immune status of the primary tumor, although
this effect was spatially localized.

The impact of LNM on liver metastases in patients with CRLM
Finally, we further investigated the impact of LNM on liver
metastasis. A total of 190 proteins were differentially expressed,
with 168 upregulated and 22 downregulated DEGs (Fig. 6a, b).
KEGG enrichment analysis revealed that the upregulated proteins

were mainly enriched in metabolic pathways, including drug
metabolism, protein metabolism, and oxidative phosphorylation,
while the downregulated proteins were primarily associated with
cell proliferation-related pathways, such as the TGF-β signaling
pathway and the PI3K-A signaling pathway (Fig. 6c). The GO
enrichment analysis also indicated that the downregulated
proteins were mainly associated with immune response-related
biological processes (Fig. 6d).
Although we found no significant difference in the density of

immune cells in liver metastatic lesions between the two groups
(Supplementary Fig. 10), the morphological evaluation revealed
that the HGP of liver metastatic lesions was predominantly
desmoplastic HGP (dHGP) in the group without LNM, while it was
predominantly a non-dHGP, including the pushing HGP (pHGP)
and the replacement HGP (rHGP), in the group with LNM (Fig. 6e, f,
p < 0.01).
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DISCUSSION
CRC is the second leading cause of cancer-related mortality
worldwide, with the liver being the most frequent site of distant
metastasis. However, the metastasis status of TDLNs in patients
with CRLM has not been adequately studied. In this study, we first
validated that CRLM patients with LNM had a worse prognosis
than those without LNM. Furthermore, at the transcriptomic,
proteomic, and histopathological levels, we found that LNM
inhibits the immune activity of TDLNs in CRLM, reduces the
immune and inflammatory functions of the primary tumor, and
affects the histological growth pattern of liver metastases. Finally,
based on two large population-based cohorts and integrated
multiomics resources, for the first time, we revealed how LNM
adversely affects the prognosis of CRLM. These findings highlight
the potential value of LNM status as a crucial aspect for refining
the staging of CRLM.
TDLNs primarily participate in tumor immunity through tumor

antigen presentation and recognition, activation and infiltration of
immune cells, and immune surveillance. The normal functioning
of the immune system is crucial for effectively clearing tumor cells
[28]. However, due to the highly invasive nature of tumor cells,
during disease progression, tumor cells can metastasize to TDLNs
via lymphatic pathways, thereby affecting the immune function of
TDLNs [10]. The specific reasons can be summarized as follows:
First, TDLNs primarily exert their immune function through the
lymphatic circulation, and tumor metastasis can obstruct lympha-
tic vessels, thereby affecting the immune function of lymph nodes.
Second, tumor cells within TDLNs can occupy space and compress

normal lymphatic tissue, leading to anatomical damage to the
TDLNs. Third, the disruption of the normal TDLN structure and the
release of immunosuppressive factors by tumor cells reduce the
activity and quantity of immune cells within the TDLNs. Therefore,
LNM is widely recognized as a significant risk factor for various
solid tumors [29–31]. Based on two large multicenter cohorts, we
validated that LNM remains an independent risk factor even for
CRC patients who have developed distant metastasis. As reported
by S. Ahmed et al., LNM is an important prognostic factor
independent of chemotherapy and metastasectomy in stage IV
CRC patients [32]. Compared to previous studies, our study
leveraged a large sample size and employed IPTW to reduce
intergroup confounding biases, thus enhancing the rigor and
reliability of our findings.
To further elucidate the mechanisms underlying the impact of

LNM on the prognosis of patients with CRLM, we first investigated
the effect of LNM on TDLNs. Based on bulk RNA sequencing of 173
TDLNs, we explored the transcriptomic characteristics of meta-
static and nonmetastatic LNs and revealed a significant associa-
tion between the enrichment of immune activation-related
pathways and the presence of nonmetastatic LNs. In contrast,
the presence of metastatic LNs was significantly associated with
the enrichment of pathways related to matrix proliferation,
particularly fibroblast-mediated extracellular matrix formation,
which may lead to LN fibrosis. To clearly describe the cellular-
level changes caused by tumor cell (mainly epithelial cells)
invasion into LNs, we performed single-cell RNA sequencing of
TDLNs. Additionally, to address the limitations of the small sample
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size in single-cell sequencing, we innovatively utilized TDLN
single-cell sequencing data as a reference to conduct immune
infiltration prediction analysis on the bulk RNA sequencing data of
173 TDLNs. Based on these two transcriptional datasets, we found
that nonmetastatic TDLNs harbored a greater abundance of
lymphocytes, including CD4+ T cells, CD8+ T cells, and CD19+ B
cells, representing the largest immune subpopulation. In contrast,
metastatic TDLNs contained a relatively greater proportion of
fibroblasts, endothelial cells, and macrophages. Considering that
tumor cell invasion inevitably alters the proportion of each cell
type within metastatic TDLNs, we further analyzed the functional
changes in each cell type to better characterize the immune
microenvironment of TDLNs. We found that in metastatic TDLNs,
both B and T cells showed not only a decrease in number and
proportion but also downregulation of key functions, including
cell activation, cell-mediated immune responses, and differentia-
tion, while pathways such as apoptosis were upregulated. This
suggests that tumor cells may reduce immune cell counts by
disrupting the TDLNs’ structure. Additionally, tumor cells may
interfere with immune cell function through direct contact or by
producing mediators. Further research is needed to explore the
underlying mechanisms of these hypotheses.
Previous studies have reported that an intact LN structure can

enhance the response of CD8+ T cells to immunotherapy [15].
Therefore, the changes in the number of immune cells caused by
LNM may be partly due to the disruption of normal LN structure
by tumor cells. However, it is currently unclear whether the
remaining normal lymphatic tissue in metastatic LNs also under-
goes immune suppression due to invasion by tumor cells. To
address this issue, we further explored proteomic sequencing and
histopathological staining in two cohorts of patients with CRLM.
The proteomic data validated our conclusions regarding changes
in cell numbers and reaffirmed the downregulation of immune
function in metastatic TDLNs at the gene expression level.
Immune-related pathways such as T/B-cell receptor signaling,
helper T-cell differentiation, and antigen presentation were
downregulated. IHC staining further supported the above results,
showing that in CRLM patients, the numbers of CD3+ T cells, CD8+

T cells, and CD19+ B cells in nonmetastatic TDLNs were greater
than those in metastatic TDLN normal lymphatic tissue. Addition-
ally, H&E staining of slides revealed that CRLM patients without
LNM (TanyN-M1) had more GC-predominant TDLNs, while those
with LNM (TanyN+M1) had more lymphocyte-depleted TDLNs. In
conclusion, we found that for patients with CRLM, LNM ultimately
leads to stromal proliferation and a decrease in antitumor immune
function in TDLNs.
The antitumor immune response is highly dynamic and truly

systemic and involves interactions between the primary tumor,
peripheral circulation, and TDLNs [33]. Lal et al. identified a strong
correlation between an activated immune response in primary
tumors and a high LNs yield [34]. Therefore, we further
investigated whether TDLN dysfunction caused by tumor metas-
tasis affects the primary tumor. Proteomic sequencing did not
reveal significant differences in protein expression between
primary tumors with and without LNM. However, we believe that
this may be attributed to tumor heterogeneity, especially
intratumoral spatial heterogeneity [35, 36]. Therefore, our research
directly assessed pathological characteristics. In our analysis of
H&E-stained slides, we found that primary tumors without LNM
had a greater proportion of tumors with high-grade KM scores
than primary tumors with LNM, suggesting a more pronounced
inflammatory response at the IF of the tumor. M. Climent et al.
reported that the KM grade reflects the host’s immune response
to the tumor and has prognostic value [20]. A higher KM grade is
associated with a better prognosis in CRC patients [37]. IHC
staining also validated this conclusion, as the IF of primary tumors
without LNM revealed increased numbers of CD3+ T cells and
CD19+ B cells.

Additionally, we detected a greater number and greater density
of CLRs, namely, tertiary lymphoid structures (TLSs), in these
primary tumors. TLSs are lymph node-like structures formed
within nonlymphoid tissues, such as the tumor microenvironment,
reflecting enhanced local immune responses [38]. The presence of
TLSs is associated with a better clinical prognosis across various
solid tumors [39–41]. To our knowledge, this study is the first to
reveal the significant influence of TDLNs on the formation of
tertiary lymphoid structures within primary tumors. Further in-
depth investigation into the mechanisms underlying this phe-
nomenon is needed in the future.
CRC patients with dMMR are characterized by hypermutation,

resulting in abundant neoantigens that activate an antitumor
immune response within the tumor microenvironment [42].
Interestingly, we found a higher dMMR rate in primary tumors
without LNM. This suggests a potential link between the
immune status of the primary tumor, MSI status, and LNM.
Furthermore, we explored the prognostic impact of LNM across
different MSI statuses. We observed that pMMR patients without
LNM had a better prognosis, whereas in dMMR patients, there was
no statistically significant difference in prognosis between those
with and without LNM, possibly due to the limited sample size in
the dMMR group. However, the LNM group showed a trend
toward poorer outcomes. In summary, we found that primary
tumors without LNM exhibit enhanced antitumor immune
capability.
The primary characteristic of stage IV CRC is the occurrence of

distant organ metastasis, predominantly in the liver. Naxerova
et al. found that in 65% of cases, lymphatic and distant metastases
originated from independent subclones within the primary tumor,
while in 35% of cases, they shared a common subclonal origin
[43]. This indicates that there are two distinct lineage relationships
between lymphatic and distant metastases in CRC. However, due
to the considerable distance between TDLNs and liver metastases
in terms of anatomical location, as well as the differences in tumor
metastasis pathways, there are currently no studies reporting
whether TDLN metastasis affects liver metastases. Therefore, we
also investigated the immune infiltration status of liver metastases
between the LNM group and the Non-LNM group based on
pathological IHC staining. Unfortunately, no significant differences
were found in the abundance of CD3+ T cells, CD8+ T cells, or
CD19+ B cells in the CT or IF images of liver metastases between
the two groups based on IHC staining. According to the findings
reported by S. Nanji et al., patients with resectable CRC liver
metastases with hepatic LN involvement have inferior survival
compared to patients with negative nodes [44]. This may suggest
that the antitumor immune function of liver metastases in stage IV
CRC patients is primarily influenced by the liver regional LNs
rather than the TDLNs of the primary tumor. Interestingly, we
detected differences in the growth patterns of liver metastatic
lesions between the two groups. The liver metastases in the Non-
LNM group were predominantly of the dHGP, while those in the
LNM group were predominantly of the rHGP. The HGP classifica-
tion system, proposed by Kudo et al. in 2013, mainly includes
dHGP, rHGP, and pHGP. In the dHGP subtype, liver metastases
exhibit a distinct fibrous capsule, with clear tumor boundaries. In
contrast, liver metastases of the rHGP subtype have unclear
boundaries. Previous studies have indicated that the dHGP
subtype is typically associated with a better prognosis, while
non-dHGP subtype lesions are associated with a poorer prognosis
[24, 25]. This may be attributed to the clear tumor boundaries and
intact fibrous capsule, which are more favorable for treatments
such as surgical resection. Proteomic sequencing revealed that
liver metastases without LNM exhibited downregulation of cell
proliferation-related pathways, such as the TGF-β and PI3K-AKT
pathways. This finding may help explain the mechanism by which
TDLNs of the primary tumor affect the growth pattern of liver
metastatic lesions. However, further research is needed.
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Nonetheless, we have provided a novel perspective on the poorer
prognosis of CRC with liver metastases and LNM.
Despite these remarkable findings, we would like to acknowl-

edge some of the potential limitations of our study. First, the
tumor microenvironment is dynamic. Although our study repre-
sents the largest investigation to date into the impact of tumor
metastasis on TDLNs using transcriptomic data, its characteriza-
tion based on transcriptomic data obtained from these samples at
a snapshot in time will not comprehensively address spatiotem-
poral heterogeneity. We hope that future efforts to leverage
single-cell spatial transcriptomic data will provide more valuable
insights. Second, it is important to acknowledge that our research
is a retrospective case‒control study and does not directly
establish causal relationships between LNM and many intergroup
differences. Nevertheless, we believe this study is highly valuable
because it provides initial evidence and valuable insights into the
poorer prognosis following LNM in CRLM patients for the first
time, laying important groundwork for further in-depth investiga-
tion. Finally, we did not investigate whether LNM affects
therapeutic options for CRLM patients, particularly regarding
immunotherapy and adjuvant chemotherapy. Further exploration
through rigorous prospective randomized controlled cohorts is
needed to elucidate these findings.
In summary, based on two large population-based cohorts, we

confirmed the adverse prognostic impact of LNM on patients with
CRLM and, for the first time, explored potential mechanisms
through multiomics resources. Specifically, tumor cell invasion
leads to immune dysfunction in TDLNs, further reciprocally
inhibiting antitumor immune function at the primary tumor site
and altering the growth pattern of liver metastases. In clinical
practice, our research paves the way for further refinement of the
AJCC TNM staging system for CRLM.
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