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Abstract
Lymph nodes (LNs) are a common site of metastasis in many solid cancers. Tumour cells can migrate to
LNs for further metastatic colonization of distant organs, indicating poor prognosis and requiring
different clinical interventions. The current histopathological diagnostic methods used for the detection
of clinical lymph node metastasis (LNM) still have some limitations, such as incomplete observation. To
obtain a complete picture of tumour-metastasized LNs at spatial and temporal scales, we used 3D
imaging of solvent-cleared organs (uDISCO) and 3D rapid immunostaining. MC38 cells tagged with EGFP
were injected into the left footpad of C57BL/6 mice. Draining lymph nodes (DLNs) obtained from these
mice were cleared using uDISCO. Metastatic colorectal cancer (CRC) cells in various regions of DLNs
from mice at different time points were quantified using whole-mount tissue 3D imaging. The results
revealed several stages of tumour cell growth and distribution in LNs: 1) invasion of lymphatic vessels
(LVs) and blood vessels (BVs); 2) dispersion outside LVs and BVs for proliferation and expansion; and 3)
re-entry into BVs and efferent lymphatic vessels (ELVs) for further distant metastasis. Moreover, these
data demonstrated that mouse fibroblast cells (MFCs) could not only promote the LNM of tumour cells
but could also metastasize to LNs together with tumour cells, thus providing a “soil” for tumour cell
colonization. In conclusion, whole-mount tissue 3D imaging and spatiotemporal analysis of LNM may
together constitute an auxiliary method to improve the accuracy of clinical LNM detection in the future.

Introduction
Emerging research has indicated that lymph nodes (LNs) are central concentrative areas for recirculating
immune cells. Tumour cells can also use this gateway function of LNs for metastatic colonization of
peripheral or distant organs(1–3). Lymphatic dissemination is a common metastatic route of solid
cancers. Metastatic tumour cells always acquire driver genetic changes during the colonization of LNs,
which suggests that LNs play an important role in the evolution of cancers(4–6). The accuracy of tumour
deposit quantification and lymph node metastasis (LNM) detection in solid cancers directly affects the
determination of clinical tumour-node-metastasis (TNM) staging and prognostication for patients with
cancer(7, 8). Therefore, the accurate detection and selective removal of LNs harboring metastatic tumour
cells is of value for cancer diagnosis and therapy.

Until now, histopathological assessment has been the most frequently used method to assess clinical
samples. Immunohistochemical (IHC) staining is one of the most commonly used methods to detect
histopathological changes in clinical tissues from patients(9–13). The tissues collected for
histopathological observation rely on sectioning to observe non-superficial cellular structures deep in
tissues(14–16). However, traditional histopathological diagnostic methods still have some limitations in
the detection of metastatic tumour cells in LNs. It is difficult to obtain accurate spatiotemporal metastatic
tumour cell measurements, including the number, localization and morphology of these cells in intact
tissues.
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In recent years, the investigation of complex cells with large projections has been best performed in intact
tissue. Recently developed tissue-clearing methods have overcome obstacles imposed by light
scattering(17–19). Ultimate 3D imaging of solvent-cleared organs (uDISCO) is a method that was
developed to reveal and preserve endogenous fluorescence signal over months while retaining the
advantageous size reduction(14, 20). Currently, in various biomedical applications, uDISCO has been
used to study the organization of large organ systems. Furthermore, a 3D rapid immunostaining system
was developed to optimize the process of antibody labelling in intact tissues(21). Using this system, the
labelling time of millimetre-thick cleared specimens can be shortened from weeks to hours.

In this study, colorectal cancer (CRC)-related LNM was investigated by constructing a mouse footpad
model in which CRC cells were injected into the left footpad of mice. The uDISCO method was used to
clear and observe lymph node (LN) tissues. Co-metastasis of CRC cells and fibroblasts was also detected
by whole-mount tissue 3D imaging. The accurate spatiotemporal quantification of metastatic tumour
cells in LNs detected by whole-mount tissue 3D imaging may potentially improve the accuracy of clinical
LNM detection and could complement traditional pathological methods of clinical histopathological
diagnosis.

Results
Whole-mount tissue 3D imaging of draining lymph nodes and quantification of invaded tumour cells.

The mouse model of LNM was constructed using a CRC cell line. MC38 cells tagged with enhanced green
fluorescent protein (EGFP) were injected into the left footpad of C57BL/6 mice, and the fluorescence
intensity was tracked and detected using a Bio-Real in vivo imaging system (Supplementary Fig. 1). The
draining lymph nodes (DLNs) were collected every five days for a total duration of 30 days (Fig. 1a). The
dissected DLNs were fixed in 4% PFA and then cleared using the uDISCO method (Fig. 1b). The cleared
DLNs maintained both endogenous fluorescence signal and the advantageous size reduction (Fig. 1c).
Moreover, we found that the effect of LYVE-1 immunostaining performed by 3D rapid immunostaining
was similar to that of the traditional immunostaining method (Supplementary Fig. 2).

To accurately quantify the tumour cells, the cleared DLNs were imaged using confocal microscopy.
Because tumour cells were found too dense in some areas and difficult to distinguish single cells, we
used the tumour cell-associated pixel number instead of the number of tumour cells. By comparing the
pixel number and the number of tumour cells in a randomly selected area, we found that the tumour cell-
associated pixel number can directly reflect the number of tumour cells. In each group, we calculated the
tumour cell-associated pixel number in the LN image at each time point. After all the time points in a
group were calculated, the tumour cell-associated pixel number in the LNs from a particular group of
images was obtained. All groups were analysed in the same way to allow for inter-group comparisons.
The total invaded MC38 cell-associated pixel number in all DLNs at different time points was quantified
using Imaris image processing software (Figure 1d, Supplementary Video 1-4). The number of invaded
EGFP-tagged MC38 cells gradually increased in DLNs at 5 d, 10 d, 20 d and 30 d (Fig. 1e).
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The spatiotemporal distribution of metastatic CRC cells in DLNs.

Previous studies have reported the distribution of different lymphatic vessels (LVs) and blood vessels
(BVs) in LNs(22), including afferent lymphatic vessels (ALVs), efferent lymphatic vessels (ELVs), high
endothelial venules (HEVs) and arteries (Fig. 2a). Here, we confirmed the distribution of LVs and BVs in
the DLNs by IHC staining (Fig. 2b). Then, using whole-mount tissue 3D imaging, whole LN tissues were
immunostained with antibodies against LYVE-1 (for LVs) and CD31 (for BVs). Colocalization of LYVE1
and EGFP signals indicated MC38 cells distributed in ELVs (e-MC38), colocalization of CD31 and EGFP
signals indicated MC38 cells distributed in BVs (b-MC38), and EGFP signal alone indicated MC38 cells
scattered outside lymphatic/blood vessels (s-MC38) (Fig. 2c-e). MC38 cells and associated pixel number
were observed and analyzed by using Imaris (Fig. 2f and Fig. 3c, d).

After uDISCO clearing, the distribution of EGFP-tagged MC38 cells in the different regions of DLNs was
observed by 3D imaging (Fig. 3a, b). We then quantified the tumour cell-associated pixel number in
different regions of DLNs. The results showed that the pixel number associated with MC38 cells
distributed in ELVs or BVs was unchanged between days 5 and 20 but significantly increased from day
20 to 30. Meanwhile, the pixel number associated with MC38 cells scattered outside lymphatic/blood
vessels significantly increased from day 5 to 10. However, no changes were observed in the pixel number
associated with scattered tumour cells at time points beyond day 10 (Fig. 3c).

Interestingly, a relatively high percentage of MC38 cells were characterized as e-MC38 cells (51.89%) or b-
MC38 cells (24.16%) at the early time point of day 5. At days 10 and 20, the ratio of e-MC38/total MC38
cells was found to be decreased (33.19% and 21.51%, respectively). Similar changes were also observed
in the ratio of b-MC38/total MC38 cells at day 10 (13.55%) and day 20 (26.59%). At the last time point
(day 30), a significant increase was observed in the ratio of e-MC38/total MC38 cells (33.44%) and b-
MC38/total MC38 cells (50.72%). However, the opposite trend was observed for s-MC38 cells, where the s-
MC38/total MC38 cell ratio was relatively low (23.95%) at day 5 and subsequently increased to 53.26%
(day 10) and 51.90% (day 20) and finally decreased to 15.84% (day 30) (Fig. 3a, b). At least 3 individual
samples in each group were detected and are shown as a statistical result in Fig. 3d.

According to the statistical results, the distribution of metastatic tumour cells was concluded. Our results
demonstrated that metastatic tumour cells mainly invaded ELVs and BVs in the early stage of LNM. Then,
most of these cells moved and scattered outside LVs or BVs for proliferation and expansion. Finally,
tumour cells reaggregated in BVs and ELVs to support further metastasis (Fig. 3e). We also showed that
spatiotemporal information of metastatic tumour cells in LNs can be accurately obtained using whole-
mount tissue 3D imaging.

The proliferation and expansion of metastatic CRC cells in DLNs.

To further confirm the outgrowth of MC38 cells in different LN regions, we used IHC staining for Ki67 to
observe the proliferation of metastatic CRC cells in DLNs (Fig. 4a-d). LYVE-1-positive areas (LVs) were
stained in red, and CD31-positive areas (BVs) were stained in purple. Then, we superimposed the red and
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purple areas on the third serial section to identify metastatic tumour cells distributed in or outside the
lymphatic/blood vessels. Total Ki67 (t-Ki67)-positive cells were characterized as the tumour cells
distributed in the whole LN, and scattered Ki67 (s-Ki67)-positive cells were characterized as the tumour
cells distributed outside lymphatic/blood vessels.

By calculating the number of proliferating tumour cells in different regions, we found that both t-Ki67-
positive cells and s-Ki67-positive cells increased with time. However, the rate at which s-Ki67-positive cells
increased over time diminished between days 20 and 30, while the number of Ki67 cells distributed in
lymphatic and blood vessels increased significantly during this last time period (Fig. 4e-g). All of the
above data further confirmed the spatiotemporal information obtained from whole-mount tissue 3D
imaging.

The co-metastasis of CRC cells and mouse fibroblast cells in DLNs.

Recent reports have indicated that fibroblasts provide a “soil” for metastatic tumour cells. We therefore
investigated the effects of fibroblasts on CRC cells that disseminated to LN tissues by using whole-mount
tissue 3D imaging. MC38 cells tagged with EGFP and mouse fibroblast cells (MFCs) tagged with mCherry
were cocultured or mixed together and divided into three groups: vehicle, coculture and mixed. In the
coculture group, MC38 cells and MFCs were mixed and incubated for 24 hours and then injected into the
left footpad of mice. In the mixed group, MC38 cells or MFCs were mixed together immediately prior to
injection into the left footpad of mice (Fig. 5a).

DLNs were obtained and analysed after 5 d and 10 d. DLNs obtained from the mixed or cocultured group
were significantly larger in volume compared with those in the vehicle group at 5 d and 10 d (Fig. 5b, c).
DLNs were cleared using uDISCO to analyse infiltrating tumour cells. At days 5 and 10, the number of
metastatic CRC cells was significantly greater in the mixed and cocultured groups compared with the
vehicle group, which suggested that MFCs could promote the metastasis of CRC cells (Fig. 5d-g). MFCs
were also found to be scattered in LNs at 5 d and 10 d, where they grew together with CRC cells. The
metastatic MFCs in LN tissues provide a “soil” for CRC cells, thus supporting the metastasis and growth
of CRC cells in the LNs (Fig. 5d-g).

Whole-mount tissue 3D imaging of mesenteric LN tissues from clinical CRC patients.

To apply whole-mount tissue 3D imaging in clinical research, mesenteric LN tissues were collected from
CRC patients according to a standard procedure, fixed in 4% PFA, and cleared using uDISCO (Fig. 6a).
Cleared LN tissue collected from a 70-year-old man retained the advantageous size reduction (Fig. 6b).
After immunostaining with an antibody against CK-20 (for CRC cells) and the nuclear dye TO-PRO-3 (for
nuclei), we observed the cleared lymph nodes by laser scanning confocal microscopy. CRC cells labelled
with CK-20 were observed and are shown in fields 1 and 2, and unstained cells are shown in field 3
(Fig. 6c, d).
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Whole-mount tissue 3D imaging was used in conjunction with Imaris 9.0 software to photograph and
process the LN tissue. The whole LN was shown as a reconstructed 3D image (Fig. 6e). Invasion of CRC
cells can be clearly observed in the LN cross-section (Fig. 6f). Whole-mount tissue 3D imaging may be
used together with traditional histopathological methods to improve the accuracy of clinical LNM
detection and aid in clinical diagnosis.

Discussion
LNs are complex organs that harbour multiple specialized stromal, myeloid, and lymphoid cells(23). LNs
are composed of well-developed smooth muscles under a capsular layer, and the lymph flowing in from
the ALVs is squeezed out by the capsular smooth muscles into the ELVs. Under normal conditions, the
valves of ALVs and ELVs prevent retrograde flow(24, 25). Previous studies have indicated that tumour
cells metastasize to LNs by reconstructing the local immune system and transforming immune cells, but
spatiotemporal changes in tumour cells in whole-mount LNs have not been reported(2, 3, 26). In this
study, we used whole-mount tissue 3D imaging to accurately quantify the number of metastatic CRC cells
in DLNs of mice at different time points and in different LN regions. The traditional immunostaining
method used in uDISCO clearing requires 1 to 2 weeks for antibody labelling. Here, a 3D rapid
immunostaining system was used to shorten the antibody labelling time from weeks to hours for intact
LNs during the process of uDISCO. We found that tumour cells enter the LN through ALVs but then
proliferate outside of the lymphatic and blood vessels, potentially due to the limited space within these
vessels. When the tumour cells in LNs proliferate to a certain number, most of them migrate back into
BVs and ELVs to facilitate their further distant metastasis. By whole-mount tissue 3D imaging, we can
obtain both spatial and temporal information regarding the distribution of metastatic tumour cells in LNs,
providing a theoretical basis for further understanding the metastatic biological characteristics of tumour
cells in LNs.

At present, the clinical detection of CRC-related LNs mainly depends on traditional histopathological
methods. Intestinal planar and distal LNs are detected by observing CK7, CK20, CDX2 or other
markers(27–29). Because these histopathological methods rely on imaging in two-dimensional tissue
sections, the information obtained is limited. In a recent study, over 280,000 slices of an entire murine LN
tissue were captured by an extended-volume imaging system to observe the conduit network in the whole
tissue(30). In this study, we aimed to use a simpler method to achieve a comprehensive observation of
whole LN tissue and to effectively obtain the spatial and temporal information of metastatic tumour cells
in LNs. Using whole-mount tissue 3D imaging and a 3D rapid immunostaining system for intact tissues,
we obtained spatiotemporal information for metastatic tumour cells in LNs and reduced the total time
required for the clearing and staining process to 3 days. In the future, this method may play an auxiliary
role in the clinical detection of solid cancer-related LNM.

Reports in recent years have indicated that tumour cells metastasize to LNs very early in cancer
progression. During the process of tumour cell-related LNM, tumour cells undergo driver genetic changes
while stromal and immune cells respond to promote the formation of a “premetastatic niche” in LNs, thus
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forming a tumour microenvironment for the colonization and growth of tumour cells in LNs(4, 6). It has
been reported that Siglec1+ subcapsular sinus macrophages can provide a “soil” for the LNM of
melanoma cells(6). Here, we observed the co-metastasis of fibroblasts and tumour cells in LNs by whole-
mount tissue 3D imaging. Interestingly, MFCs were able to promote tumour cell LNM but could also
metastasize to LNs together with tumour cells, thus providing a “soil” for tumour cell colonization. In
future, we will further screen the key molecules that play important roles in the regulatory effects of MFCs
on the metastasis and colonization of tumour cells, and uncover the potential underlying mechanism. 3D
imaging was used to reveal this process and may serve as a new method to study the co-metastasis of
tumour and stromal cells.

In conclusion, whole-mount tissue 3D imaging can provide accurate spatiotemporal quantification of
metastatic tumour cells in LNs, which may complement traditional histopathological methods of clinical
diagnosis and could affect clinical TNM stage determination for patients with cancer. In the future, we
may further optimize and combine whole-mount tissue 3D imaging, 3D rapid immunostaining and
spatiotemporal quantification as an auxiliary method to improve the accuracy of clinical LNM detection.
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Figure 1

The whole-mount tissue 3D imaging of DLNs and quantification of tumour cells.
a. The schedule of
mouse footpad model construction and the time points of LN tissues collection.
b. The uDISCO protocols
of DLN.
c. Photos of LN tissues before and after uDISCO clearing. Scale bars: 1200 μm.
d. 3D images and
cross-section photos of DLNs at the time points of 5 d, 10 d, 20 d and 30 d respectively. Scale bars: 200
μm.
e. The invaded EGFP-tagged MC38 cells-associated pixel-number in DLNs at the time points of 5 d,
10 d, 20 d and 30 d quantified by Imaris. All experiments were repeated at least three times.
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Figure 2

The immunofluorescent detection of ELVs, BVs and EGFP-tagged MC38 cells.
a. Distribution of ALVs,
ELVs and BVs, including HEVs and arteries in LN.
b. IHC staining photos of LVs and BVs in LNs. Scale
bars: 200 μm.
c. The immunofluorescent detection of LYVE-1 (LVs) and CD31 (BVs). Colocalization of
LYVE1 and EGFP signals indicated MC38 cells distributed in ELVs (e-MC38), colocalization of CD31 and
EGFP signals indicated MC38 cells distributed in BVs (b-MC38), and EGFP signal alone indicated MC38
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cells scattered outside lymphatic/blood vessels (s-MC38).
d, e. Cross-section photos of EGFP-tagged
MC38 cells, LYVE-1 (d) and CD31 (e) in a LN at 5 d. LYVE-1: red; CD31: purple; *: MC38 cells scattered
outside lymphatic/blood vessels. Scale bars: 100 μm.
f. Cross-section photos of MC38 cells distributed in
ELVs and scattered outside lymphatic/blood vessels. Scale bars: 40 μm.

Figure 3
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The spatiotemporal quantification of metastatic CRC cells in DLNs.
a, b. Cross-section photos of EGFP-
tagged MC38 cells in the different regions of LNs at 5 d, 10 d, 20 d and 30 d respectively (a). The
percentages of MC38 cells distributed in ELVs or BVs / total MC38 cells were shown below (b). LYVE-1:
red; CD31: purple; *: MC38 cells scattered outside lymphatic/blood vessels. Scale bars: 40 μm.
c. The
pixel-number associated with MC38 cells distributed in ELVs or BVs and the pixel-number associated with
MC38 cells scattered outside lymphatic/blood vessels at 5 d, 10 d, 20 d and 30 d respectively. One-way
ANOVA was used for comparison between groups. All experiments were repeated at least three times.
d.
The ratio of MC38 cells distributed in ELVs or BVs / total MC38 cells and the ratio of MC38 cells scattered
outside lymphatic/blood vessels / total MC38 cells at 5 d, 10 d, 20 d and 30 d respectively. One-way
ANOVA was used for comparison between groups. All experiments were repeated at least three times.
e.
The metastatic tumour cells were found mainly invaded in ELVs and BVs in the early stage of LNM, then
most of them moved and scattered outside lymphatic/blood vessels in LNs for proliferation and
expansion, and at last reaggregated in BVs and ELVs to support metastasis.
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Figure 4

The proliferation of metastatic CRC cells in DLNs.
a-d. IHC staining photos of Ki67, CD31 and LYVE-1 in
DLNs at 5 d (a), 10 d (b), 20 d (c) and 30 d (d). Scale bars: 100 μm.
e, f. The statistical results of total
Ki67 (e) and scattered Ki67 (f) (the tumour cells distributed outside lymphatic/blood vessels) positive
cells at 5 d, 10 d, 20 d and 30 d respectively. All experiments were repeated at least three times.
g. The
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ratio of Ki67 positive cells (scattered outside lymphatic/blood vessels) / total Ki67 cells and Ki67 positive
cells (distributed in lymphatic/blood vessels) / total Ki67 cells at 5 d, 10 d, 20 d and 30 d respectively.

Figure 5

The co-metastasis of CRC cells and MFCs in DLNs.
a. The schedule of mouse footpad injection. The mice
were injected with co-cultured or mixed MC38 cells tagged with EGFP and MFCs tagged with mCherry.
MC38 cells alone was set as the vehicle group.
b, c. Photos of DLNs obtained from mice at 5 d and 10 d
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(b). The statistical results were shown below (c).
d, e. 3D images of EGFP-tagged MC38 cells and
mCherry-tagged MFCs in cleared DLNs at 5 d (d) and 10 d (e). A randomly selected 3D image (500 μm - X
axis × 500 μm - Y axis × 100 μm - Z axis) was taken out and shown here. The number of MC38 cells or
MFCs were quantified according to the 3D images.
f, g. The statistical results of 3D images of EGFP-
tagged MC38 cells and mCherry-tagged MFCs in cleared DLNs at 5 d (f) and 10 d (g). Scale bars: 10 μm.
All experiments were repeated at least three times.

Figure 6
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The whole-mount tissue 3D imaging of mesenteric LN tissues obtained from clinical CRC patients.
a. The
uDISCO protocols of clinical CRC corresponding mesenteric LN tissues.
b. Photos of mesenteric LNs
before and after uDISCO clearing. Scale bars: 1200 μm.
c, d. Photos of metastatic CRC cells and other
cells detected by laser confocal microscope.
e. 3D imaging of a LN tissue which was collected from a 70-
year-old man.
f. Cross-section photos of invaded CRC cells in above LN tissue.
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