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Abstract: Lymph node (LN) is an important immune organ that controls
adaptive immune responses against foreign pathogens and abnormal cells.
To fecilitate efficient immune function, LN has highly organized 3D
cellular structures, vascular and lymphatic system. Unfortunately,
conventional histological analysis relying on thin-diced tissue has
limitationsin 3D cellular analysis due to structural disruption and tissue loss
in the processes of fixation and tissue dlicing. Optical sectioning confocal
microscopy has been utilized to analyze 3D structure of intact LN tissue
without physical tissue slicing. However, light scattering within biological
tissues limits the imaging depth only to superficial portion of LN cortex.
Recently, optical clearing techniques have shown enhancement of imaging
depth in various biological tissues, but their efficacy for LN are remained to
be investigated. In this work, we established optical clearing procedure for
LN and achieved 3D volumetric visualization of the whole cortex of LN.
More than 4 times improvement in imaging depth was confirmed by using
LN obtained from H2B-GFP/actin-DsRed double reporter transgenic
mouse. With adoptive transfer of GFP expressing B cells and DsRed
expressing T cells and fluorescent vascular labeling by anti-CD31 and anti-
LYVE-1 antibody conjugates, we successfully visualized major cellular-
level structures such as T-cell zone, B-cell follicle and germina center.
Further, we visualized the GFP expressing metastatic melanoma cell
colony, vasculature and lymphatic vesselsin the LN cortex.
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1. Introduction

Lymph node (LN) is an important immune organ where foreign pathogens are recognized and
adaptive immune responses are initiated [1-3]. To achieve prompt and efficient immune
function, LN has highly organized complex 3D cellular-level structures composed of many
subtypes of immune cells such as T/B lymphocytes, macrophages, dendritic cells and other
stromal cells as well as the specialized vascular and lymphatic system [4-8]. After an
immunogenic exposure to potential pathogen, LN undergoes intensive remodeling, which is
revealed as increased lymph and blood flow, increased level of adhesion molecules at high
endothelial venule, angiogenesis and lymphangiogenesis, lymphocytes accumulation and
germina center formation [9-11]. In addition, cancer cell metastasis to the LN via lymphatic
system also induces dramatic remodeling of LN [12—15], which is shown to be correlated with
distant organ metastasis [16-19].

There have been significant efforts to analyze the cellular-level 3D remodeling process of
both immune/stromal cell distribution and lymphatic/vascular network in LN. Unfortunately,
conventional histological analysis relying on thin-sliced tissue has critical limitations for 3D
cellular-level analysis due to tissue damage/loss and structural disruption in the processes of
fixation and tissue slicing. Imaging techniques capable of noninvasive optical sectioning such
as laser-scanning confocal and two-photon microscopy have been utilized to analyze 3D
structure of “intact” LN. Multiple sectioning images obtained by confocal microscopy can be
used to reconstruct 3D structures of lymph node such as vascular/lymphatic network and
immune cell distributions within the tissues. However, multiple light scattering within
biological samples limits the maximum achievable imaging depth only to superficial portion
of the LN cortex [20]. There exist significant needs to establish deeply penetrable 3D
visualization technique to analyze the complicated 3D structures within the whole LN cortex.

For the last decade, optica clearing technique to improve the imaging depth has been
actively investigated [21-34]. As the mismatch in refractive index (RI) between cellular
components in tissue is the major cause of light scattering, selective removal of cellular
components with relatively low or high refractive index can reduce the light scattering and
make the tissue more optically transparent. The most frequently used approach is replacing
interstitial fluids (RI~1.33) in inter- and intra-cellular space with optical clearing agents
(OCAs) which have refractive indices of ~1.46, matched to the average refractive index of
most biological samples. It has been demonstrated that several OCAs such as glycerol [26—
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29], FocusClear [30-32] and BABB [33] can enhance imaging depth in various organs such
as brain [22-26], skin [27-29], pancreas [30], colon [31] and heart [32-34]. However, optical
clearing effect of OCAson LN has not yet been clearly demonstrated.

In this work, we established an optical clearing procedure for LN and successfully
visualized complex cellular-level structures, vascular/lymphatic networks, and metastasized
cancer cells deep inside the whole cortex of intact LN in 3D by using a custom-built laser-
scanning confocal microscopy system. By using optimized clearing condition, we visualized
lymphocytes distributed as T-cell zone, B-cell follicle and germinal center in adoptive transfer
model. We could also observed GFP" microvesicle/exosome [35-38] and colony of GFP*
melanomacellsin LN metastasis model.

2. Experimental methods and materials
2.1 Lymph node sample

To examine the clearing effects of OCAS, subcutaneous lymph nodes dissected from a
transgenic reporter mouse which universaly expressed green fluorescence protein (GFP) in
nuclei and red fluorescence protein (DsRed) in cytoplasm were used. This mouse was newly
generated by crossbreeding H2B-EGFP mice (Stock number; 006069, Jackson Laboratory)
with actin-DsRed mice (kindly provided by Dr. Koh, KAIST). To identify immune cellular-
level structuresin lymph node, we adoptively transferred B and T cells expressing fluorescent
protein to awildtype C57BL/6 recipient mouse. B and T cells were purified from spleen of an
actin-GFP mouse (kindly provided by Dr. Koh, KAIST) and an actin-DsRed mouse by using
negative isolation MACS kits (114.13D, Invitrogen, MAGM204, R&D system), respectively.
6 LNs (2 poplitea LNs, 2 inguinal LNs and 2 axillary LNs as shown in Fig. 1(a)) were
harvested from the recipient mouse at 12 hours after the adoptive transfer to ensure sufficient
time for transferred lymphocytes homing to LN. To label vascular or lymphatic network in
LN, anti-CD31 (553708, BD Biosciences) or anti-LYVE1l (MAB2125, R&D systems)
antibody conjugated with either Alexa Flour 555 (A20009, Invitrogen) or Alexa Flour 647
(A20006, Invitrogen) were administrated via intravenous and subcutaneous injection,
respectively. Lymph node cancer metastasis model was established by injecting 1 million of
B16F10-GFP melanoma cells into a footpad of three wildtype C57BL/6 mice, one for the
examination at day 10 and two for the examination at day 14. At 10 and 14 days after the
inoculation, ipsilateral popliteal LN was imaged as tumor-metastasized LN, while
contralateral popliteal LN of the same mouse was imaged as a control for comparison.

2.2 Optical clearing procedure

Mouse was deeply anaesthetized with a mixture of Zoletil (30 mg/kg) and xylazine (10
mg/kg), then transcardially perfused with ice-cold phosphate buffered saline (PBS), followed
by 4% wt/vol paraformaldehyde (PFA, diluted in PBS). To ensure GFP signal preservation,
PBS and PFA were adjusted to pH 7.4. After the perfusion, subcutaneous inguinal, axillary
and popliteal lymph nodes were dissected and further fixed by 4% PFA for 5-10 minutes as
illustrated in Fig. 1(a). Then, lymph nodes were immersed into optical clearing agents
(OCAs), 75% glycerol (diluted in distilled water; DW) for 30 minutes or FocusClear
(CelExplorer) for 12 hours. Lymph node immersed in PBS for the same time duration was
prepared as a control. Representative results were shown in Fig. 1(b).
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Fig. 1. (a) Illustration of optical clearing procedure for LN; Transcardial perfusion with ice-
cold PBS and 4% PFA, LN dissection, Fixation and Immersion to optical clearing agents (75%
glycerol, Gly; FocusClear, FC). (b) Photograph of lymph node immersed in PBS or FocusClear
for 12 hours.

2.3 Imaging system

Custom-built high-power laser-scanning confocal microscope which has been modified from
previously constructed one by our group [39-41] was utilized to visualize the whole cortex of
optically cleared intact lymph node. Three CW lasers at 488 nm (ML D488, Cobolt), 561 hm
(Jive, Cabolt) and 640 nm (ML D640, Cobolt) were utilized as excitation source; 488 nm laser
for GFP excitation, 561 nm for DsRed and Alexa Fluor 555, and 640 nm for Alexa Fluor 647.
To implement 2D laser beam scanning, fast-rotating polygonal mirror (MC-5, aluminum
coated, Lincoln Laser) and galvanometer driven scanning mirror (6230H, Cambridge
Technology) were used. High-sensitive photomultiplier tubes (R9110, Hamamatsu) were
employed to detect three-color fluorescence signals simultaneously. Band-pass filters were
used as emission filter for each PMTs; (FF02-525/50, Semrock) for GFP fluorescence
detection, (FF01-600/37, Semrock) for DsRed and Alexa Fluor 555, and (FF01-685/40,
Semrock) for Alexa Fluor 647. To precisely adjust sample position, motorized XYZ
trandationa stage (3DMS, Sutter Instrument) which has 1 um resolution and 25 mm travel
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was used. After acquired from the imaging system, images were then either mosaicked by
Photoshop (Adobe), or reconstructed in 3D or XZ axis by ImageJ software (NIH).

3. Results

In this work, we applied optical clearing technique to intact lymph node and visualized 3D
cellular-level structures, vascular/lymphatic network in the whole cortex of lymph node by
using laser-scanning confocal microscopy. First, LN obtained from a transgenic reporter
mouse expressing H2B-GFP in nuclel and actin-DsRed in cytoplasm was used to examine the
clearing effect of OCAS, glycerol and FocusClear. Although there exists some variance in the
degree of expression level between different types of cdl, every cell in the lymph node
express both of H2B-GFP and actin-DsRed. Therefore it could be a useful LN sample to
demonstrate the imaging depth enhancement by comparing the images obtained at various
depths. Optimal treatment condition for LN with each OCA was determined by comparing the
clearing effect with different concentration (glycerol) and immersion duration (glycerol and
FocusClear). Each condition was repeatedly tested by using three LN samples. Clearing
efficacy of glycerol solution with concentration of 30%, 50%, 75% and 100% (vol% in DW)
were examined with varying immersion duration of 15, 30, 60 and 90 minutes. Higher
glycerol concentration resulted in more effective optical clearing. However, severe tissue
damage was observed when 100% glycerol was used. Also immersion duration longer than 30
minutes resulted in reduced H2B-GFP and actin-DsRed intensity. By comparing imaging
depth enhancement in LNs immersed with 30%, 50% and 75% glycerol solutions, we could
determine that immersing samples in 75% glycerol solution for 30 minutes was the most
effective condition as shown in Fig. 2. Also clearing efficacy of FocusClear with different
immersion duration of 2, 4, 8, 12 and 24 hours was examined. Longer immersion duration
with FocusClear resulted in more effective optical clearing. However, immersion duration
longer than 12 hours induced increased autofluorescence with little improvement in imaging
depth. By comparing imaging depth enhancement in LNs after the immersion for each
durations, we could determine that immersion in FocusClear for 12 hours was most effective
in terms of imaging depth enhancement.

Fig. 2. Comparison of clearing efficacy of glycerol solution with different (a) concentration
and (b) immersion duration. Lymph node dissected from transgenic mouse expressing H2B-
GFP (green) in nuclel and actin-DsRed (red) in cytoplasm was imaged. Scale bar, 50 pm.
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Figure 3(a) shows representative images obtained from LNs immersed in PBS, 75%
glycerol, or FocusClear at various depths from the surface. We can distinguish individual
H2B-GFP expressing nucleus in LNs immersed in FocusClear up to 400 um as shown in Fig.
3(a). Because H2B-GFP fluorescence signal intensity varies with cell types, at deep depth of
400 pm to 500 pum, only brightly H2B-GFP expressing nuclei were distinguishable.

Fig. 3. Visualization of intact popliteal lymph node dissected from transgenic mouse
expressing H2B-GFP (green) in nuclei and actin-DsRed (red) in cytoplasm. (a) Clearing effect
of 75% glycerol and FocusClear. Images were taken at same depth from the surface. Scale bar,
50 pum. (b) XZ projection and (c) 3-Dimensional reconstruction of LN immersed in PBS or
FocusClear generated from Z-stack imaging data (Visualization 1 and Visualization 2). Scale
bars, 50 um.
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Figure 3(b) and 3(c) show x-z projection and 3D rendered image of lymph node treated by
PBS or FocusClear, which is generated from Z-stack imaging data obtained with 5 pm step
size (Visualization 1 and Visualization 2). To compare the maximum achievable imaging
depth with each OCAs, the same laser excitation power and detector sensitivity were used to
acquire the image from each treated LN. Figure 4 shows normalized signal intensity of H2B-
GFP and actin-DsRed from the images obtained at each depth, which is derived from the Z-
stack imaging data. Actin-DsRed signal could be detected at deeper depth than H2B-GFP
signal, due to its longer excitation and emission wavelength with less light scattering.
Maximum imaging depth was determined at which depth the detected signal intensity became
lower than 1.5 times of noise background (0.05 at normalized scal€). Imaging depth of control
sample immersed in PBS was 115 pm for actin-DsRed signal. In comparison, the imaging
depth of lymph node was enhanced up to 360 um and 540 um for actin-DsRed signal when
treated with 75% glycerol and FocusClear, respectively. It clearly shows that more than 4
times enhancement in imaging depth can be achieved from the optically cleared LN by
FocusClear.

Fig. 4. Normalized signal intensity of (a) H2B-GFP and (b) actin-DsRed at each depth.

To visualize the immune cell distributions within LN, we adoptively transferred GFP
expressing B cells and DsRed expressing T cells to wildtype recipient mouse. Figure 5 is the
result of visualization of immune cellular-level structures in optically cleared inguinal lymph
node showing adoptively transferred B cells (green), and T cells (red). Figure 5(a) shows the
representative images at various depths from the Z-stack imaging data obtained with 5 um
step size (Visualization 3). Immune cell distributions such as B cell follicle (arrowhead)
tightly packed with GFP expressing B cells at the cortex, germinal center (arrow) revealed as
dark area devoid of B cells at the center of B cell follicle, T cell zone (asterisk) holding
numerous DsRed expressing T cells could be clearly identified. Figure 5(b, ¢) shows mosaic
image of whole lymph node at different depths. Multiple B cell follicles with germinal center
and sparsely distributed T cells in between them were clearly identified as shown in Fig. 5(b).
At higher magnification, individual cells consisting B cell follicle and small number of
cortical T cells were identified. At deeper depth, we observed a large reservoir of T cells
occupying the most of the paracortex space, which corresponds to T cell zone. In the upper
magnified image, only sparsely distributed B cells were visible. In the lower magnified image,
transverse plane distribution of B cell follicle with developed germinal center at the cortex
and T cell zone at the paracortex could be identified in detail.

Finally, cancer-metastasized popliteal LN obtained from B16F10-GFP melanoma mouse
model was visualized after optical clearing. Figure 6(a) illustrates the metastasis model for
popliteal LN. Primary tumor was established by injecting 1 million B16F10-GFP melanoma
cells into a footpad of wildtype C57BL/6 mouse. At 10 and 14 days after the injection,
popliteal LN on the leg bearing the primary tumor was harvested. At the same time, as a
control sample for the comparison, popliteal LN at the other leg of the same mouse was also
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harvested. Before the dissection, we intravenoudly injected anti-CD31 antibody conjugated
with Alexa Fluor 555 to systemicaly label blood vessels in LN. In addition, we
subcutaneously injected anti-LYVE-1 antibody conjugated with Alexa Fluor 647 to footpad,
which was delivered to LN and specifically label lymphatic sinus to be clearly distinguishable
from blood vessels. Figure 6(b) is the photograph of melanoma-metastasized lymph node
harvested a 10 or 14 days after the melanoma inoculation to footpad. Compared to
translucent non-metastasized LN after optical clearing, melanoma-metastasized lymph nodes

Fig. 5. Visualization of immune cellular-level structures in inguinal LN showing adoptively
transferred lymphocytes; B cells (green), and T cells (red). (a) Representative images of Z-
stack imaging data (Visuaization 3). Cellular-level structures such as B cell follicle
(arrowhead), germinal center (arrow) and T cell zone (asterisk) are distinguishable. (b-c)
Mosaic images showing whole inguinal lymph node structure at depth of (b) 65 um, and (c)
160 um from the surface. Dashed boxes marked the magnified area. Scale bars, (a) 200 um, (b-
¢) 500 um (mosaic image), 100 um (magnified image).
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were significantly enlarged and have brownish color due to hemorrhage. Black-colored small
colony of melanoma metastasized to LN was clearly identifiable after 14 days. Figure 6(c)
shows mosaic images showing whole LN obtained at various depths up to 500 pm.
Additionally, to observe in more detail, Z-stack imaging data were also obtained at the area
marked as dashed square (Visualization 4, Visualization 5, and Visualization 6). Figure 6(d)
shows projection images and 3D-reconstructed images those are generated by using the Z-
stack imaging data. Distribution of metastasized B16F10-GFP melanoma cells, CD31" blood
vessels and LYVE-1" lymphatic vessels were identifiable. At 10 days, several small-sized
colonies of GFP expressing cell bodies were visible. Figure 6(e) shows the vasculature and
lymphatic network around the small-sized colony. The smal-sized colonies were
comprised of mostly small-sized GFP" cell debris rather than intact GFP* melanoma cell
(Visualization 5). These particles are apoptotic bodies, microvesicle or exosome drained
from the primary tumor via lymphatic vessels and then localized near subcapsular area
[35]. A larger colony was observed at 14 days after the inoculation. Different from the
small-sized colony, it included numerous intact GFP" melanoma cells (Visuaization 6).
Notably, we could also observe numerous GFP' cell debris near the colony, suggesting
active immune response potentially by Natura Killer cell or delivery of microvesicle/
exosome from primary tumor [36-38]. Moreover, there were many isolated GFP*
melanoma cells near the large colony, suggesting a dissemination of melanoma cell from
the colony and invasion into lymph node stroma.

Fig. 6. Visualization of cancer-metastasized LN. (a) Illustration of popliteal LN metastasis
model using B16F10-GFP melanoma cells. (b) Photograph of LN with melanoma metastasis
immersed in PBS or FocusClear for 12 hours. (c) Serial depth images with 100 um interval.
Distribution of metastasized B16F10-GFP melanoma cells (green), blood vessels (CD31, red)
and lymphatic vessels (LYVE-1, blue) are identifiable. (d) Projection and 3D reconstructed
images generated by using Z-stack imaging data (Visualization 4, Visudization 5, and
Visualization 6) obtained at the area marked as dashed sguare in Fig. 6(c). (e)
Vasculature/lymphatic network around the small-sized colony of GFP expressing cell bodies.
Scale bars; (c) 500 pm, (d-€) 100 pm.

#246949 Received 31 Jul 2015; revised 19 Sep 2015; accepted 21 Sep 2015; published 28 Sep 2015
(C) 20150SA 1 Oct 2015 | Val. 6, No. 10 | DOI:10.1364/BOE.6.004154 | BIOMEDICAL OPTICS EXPRESS 4163


https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-4
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-5
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-6
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-5
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-6
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-4
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-5
https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-6-10-4154-6

4, Conclusion

In this work, we applied an immersion-type optical clearing technique for lymph node and 3D
visualized complex immune cell distributions, vascular/lymphatic networks, and metastasized
cancer cells in the whole cortex of intact LN by using a custom-built confocal microscopy
system. By imaging LNs obtained from a transgenic mouse expressing both H2B-GFP and
actin-DsRed, we demonstrated more than 4 times enhancement in imaging depth. With
adoptive transfer of GFP expressing B cells / DsRed expressing T cells and antibody based
fluorescent labeling, we successfully achieved 3D visudization of maor cellular-level
structuresin LN such as T-cell zone, B-cell follicle and germinal center more than 300 pm in
depth. Finally, we visualized cancer-metastasized LNs dissected from cancer mouse model
bearing B16F10-GFP melanoma more than 400 pm in depth. Interestingly, we could observe
numerous GFP positive particles accumulated near the subcapsular space at preceding the
establishment of large metastasized cell colony, which might include apoptotic bodies,
microvesicle or even exosome promptly drained from the primary tumor through lymphatic
vessels. At later time point, a well-established large colony comprising numerous GFP*
melanoma cells was clearly visualized. Collectively, these results demonstrate the usefulness
of optical clearing technique combined with sectioning optica microscopy for the
investigation of complex 3D immune/stromal cellular-level structures as well as
lymphatic/vascular network in LN.
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