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Abstract

We previously described techniques to generate 3D reconstructions of the tumor microcirculation
using immunofluorescence histochemistry and laser scanning confocal microscopy on serial sections
from archival formalin-fixed, paraffin embedded tissues. By aligning sequential z-stacks in an
immersive visualization environment (ImmersaDesk), the need to insert fiduciary markers into tissue
was eliminated. In this study, we developed methods to stitch overlapping confocal z-series together
to extend the surface area of interest well beyond that captured by the confocal microscope objective
and developed methods to quantify the distribution of markers of interest in three dimensions. These
techniques were applied to the problem of comparing the surface area of non-endothelial cell lined,
laminin-rich looping vasculogenic mimicry (VM) patterns, that are known to transmit fluid, with the
surface area of endothelial cell lined vessels in metastatic uveal melanoma to the liver in three
dimensions. After labeling sections with antibodies to CD34 and laminin, the surface area of VM
patterns to vessels was calculated by segmenting out structures that labeled with laminin but not with
CD34 from those structures labeling with CD34, or CD34 and laminin. In metastatic uveal melanoma
tissues featuring co-localization of high microvascular density [66.4 microvessels adjusted for 0.313
mm? area (range 56.7-72.7)] and vasculogenic mimicry patterning, the surface area of vasculogenic
mimicry patterns was 11.6 fold greater (range 10.8-14.1) than the surface provided by CD34-positive
vessels. These methods may be extended to visualize and quantify molecular markers in three
dimensions in a variety of pathological entities from archival paraffin embedded tissues.
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Introduction

Although pathologists render diagnoses based on two-dimensional (2D) histological sections,
considerable information about the biology of disease processes resides in the appearance of
features in interest in three dimensions (3D). For example, at least two different components
of the tumor microcirculation have been shown to have prognostic significance when examined
from 2D histological sections: microvascular density (MVD)1 and looping vasculogenic
mimicry (VM) patterns.2 VM patterns are generated by highly invasive tumor cells and
therefore do not label with endothelial cell markers.3 Because VM patterns connect to blood
vessels# and provide for the circulation of fluid in tumor tissues,®: 5,6, 8 the patterns have
been called the “fluid-conducting meshwork”.8: 9

There is considerable confusion in the literature about the 3D configuration of VM pattering.

0 It has been suggested that the 2D appearance of VM patterns as loops is generated by
histological sections taken through tumor spheroids wrapped by extracellular matrix.10
Investigating the 3D configuration of VM patterns in human tissues became a research priority
because these patterns conduct fluid outside of the endothelial cell lined vascular system,3'
6-9 and therefore might provide a greater surface area for the delivery of therapeutic agents
than vessels alone.

A comparison between the 3D configuration of blood vessels and VM patterns was undertaken
in paraffin-embedded tissues. Although the application of immunohistochemistry to thick
frozen sections would allow for the 3D reconstruction and eliminate artifacts introduced by
paraffin embedding,11 VM patterns are not distributed homogeneously through melanoma
tissue, 12 and banked frozen tissue may not contain VM patterns for 3D reconstruction. In 1994,
Rummelt et all3 reconstructed tumor blood vessels in histologic sections of melanoma by laser
scanning confocal microscopy (LSCM) from a single, thick, paraffin-embedded tissue sample.
Although this method eliminated concern about heterogeneous distortions in paraffin-
embedded tissue from section to section when serial sections are used for reconstruction, the
penetration of antibodies into very thick paraffin-embedded tumor section was uneven, making
it difficult to discriminate between the absence of a signal and a lack of complete penetration
of the antibody of interest.

In 2003, Chen et al’ designed a novel approach to tissue reconstruction on archival paraffin-
embedded tissue by combining LSCM on serial tissue sections with reconstruction in an
immersive stereo 3-D environment4 that had been used to visualize molecules and their
receptors interactively.15 With this approach, confocal z-stacks for each serial paraffin section
were aligned in the reconstruction process such that information contained within the paraffin
section contributes to the reconstruction. With this approach, it was not necessary to insert
fiduciary markers that can distort tissue in the area of interest, and it is possible to correct for
alignment and tissue distortions by applying warping algorithms on volumetric serial sections.
These techniques were used to reconstruct normal vessels in tonsillar tissue and tumors from
archival paraffin blocks, and the prognostically significant back-to-back loop configuration of
VM patterns in 2D histological sections was shown to represent cross sections through
cylindrical (not spherical) sleeves of laminin-rich extracellular matrix surrounding branching
cylindrical projections of tumor cells.” This analysis, however, was limited to a very small
surface area of tissue (captured by a 20X objective in the confocal microscope) and did not
include a comparison of the 3D surface areas of endothelial cell lined vessels and non-
endothelial cell lined VM patterns.

In the current study, we extended the technological methods of Chen et al’ to study areas of
interest in each tissue section larger than that captured by the objective of the LCSM by
automated tiling of overlapping LSCM z-series of each section. We next aligned these large-
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area confocal z-series using the immersive visualization environment/ to generate a 3D
reconstruction of tissue. Because VM patterns are known to label with laminin and do not label
for endothelial cell markers, we were able to compare the surface areas of VM patterns in 3D
with the surface areas of CD34-positive blood vessels by applying techniques we developed
to segment out (separate) structures labeling with laminin only from structures labeled by
CD34, or CD34 plus laminin. Thus, we were able to calculate the relative 3D surface areas of
laminin+/CD34— VM patterns to CD34+ vessels (including CD34+/laminin+ and CD34+/
laminin— vessels). Although these techniques were applied to the specific problem of
understanding the 3D morphology of VM patterning relative to vessels, these strategies can be
applied to other morphological problems that require 3D analysis of marker expression archival
tissues in paraffin.

MATERIALS AND METHODS

Experimental strategy and tissue selection

Uveal melanoma tissue — both primary and metastatic — tends to lack stromal elements except
for VM patterning. VM patterning, generated by the tumor cell and not a component of the
host response, can be distinguished from fibrovascular septa that are seldom encountered in
human uveal melanoma tissues that are not necrotic or that have not been treated previously
with radiation.16 By immunohistochemistry, we and others have shown that the cellular
elements of these neoplasms are composed almost exclusively of S100-positive tumor
cells1/ with secondary populations of macrophages and lymphocytes expressed focally.18 We
and others’> 19, 20 have demonstrated on two dimensional sections and by 3D reconstructions
that zones of high microvascular density tend not co-localize to VM patterns in primary uveal
melanoma tissue.

In planning to measure surface areas of VM and tumor vessels in 3D, we reasoned that tumor
tissue rich in VM pattering where endothelial cell lined vessels were exceptionally sparse
would yield exceptionally high ratios of VM surface area to vascular surface area. We therefore
designed this study to determine the lowest ratio of VM pattern surface area to endothelial cell
lined vessel surface area by screening more than 40 blocks of primary and metastatic human
uveal melanoma tissue for the presence of VM and MVD and we identified regions in hepatic
uveal melanoma metastases that featured the unusual co-localization of these two features of
interest. The hepatic metastasis tissue had been resected from a patient who was treated for
primary uveal melanoma (luveal melanoma tends to disseminate exclusively to the liver as a
first site of dissemination21 22). Resected tissue was fixed for 24 hours in 10% neutral buffered
formalin before paraffin embedding.

The use of archival human tissue in this study was performed in accordance with the
Declaration of Helsinki and was approved by the Institutional Review Board of the University
of Illinois at Chicago and the Helsinki Committee at Hadassah-Hebrew University Medical
Center.

Immunohistochemistry

Sections were cut at 4 um thicknesses, floated on a water bath at 42° C for fewer than 5 seconds,
mounted on slides, deparaffinized in xylene, and rehydrated through a decreasing ethanol

gradient. Heat induced epitope retrieval was accomplished as follows. After hydrating slides
in distilled water, slides were exposed for 20 minutes to Dako Target Retrieval Solution (10x
concentrate, diluted 10:1; catalog S1699, Dako, Carpinteria, CA) at pH 6.1 that had been heated
to 95°C in a vegetable steamer (Oster Vegetable steamer, model 5713, 60 Hz 120 v- 900 watt;
Oster, Milwaukee, WI) . Slides were removed from the steamer and allowed to equilibrate to
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room temperature for 20 minutes in Target Retrieval Solution, followed by a rinse in distilled
water.

For the simultaneous detection of CD34 and laminin in melanoma tissue, slides were incubated
with monoclonal mouse anti-human CD34 (QBend10; Dako) at a dilution of 1:40 for 30
minutes and placed in protein-blocking solution (Dako) for 10 minutes. Antibody binding was
detected with Alexa Fluor 488 conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA) for
30 minutes at a dilution titer of 1:400. After 10 minutes of protein blocking, slides were
incubated with polyclonal rabbit anti-laminin antibody (Sigma-Aldrich, St Louis) at a dilution
titer of 1:200 for 30 minutes at room temperature. After protein blocking for 10 minutes,
antibody binding was detected with Alexa Flour 594-conjugated goat anti-rabbit IgG
(Invitrogen) for 30 minutes at a dilution titer of 1:400. Slides were rinsed in buffer and mounted
in agueous mounting medium (Faramount; Dako). For all staining procedures, secondary
antibody was omitted in negative control experiments. For the reconstruction of blood vessels
and VM patterns, we examined 7 serial sections from each of 4 areas of highly vascularized
metastatic uveal melanoma to the liver co-localizing to VM patterns.

Laser scanning confocal microscopy and stitching algorithms

All histologic serial sections were examined with a laser scanning confocal microscope (Leica,
Microsystems, Bannockburn, IL) using the 40X objective. Four different areas in the tumor
were photographed and images were stored in tagged information file format (TIFF). Each
field consisted of a z-stack of 13 components obtained at 0.3-um intervals. Because the size of
a 40X field is limited, we captured 9 overlapping fields and stitched these using a fully
automated mosaicking algorithm using a standard method for pattern recognition and computer
vision. We developed a normalized correlation-based fully automated mosaicking algorithm
with standard methods used in pattern recognition and computer vision, 3,24 5o that all
possible translational tile overlaps are evaluated based on pixel comparisons according to the
Equation (1)

m n
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where X and Y are images to be compared (adjacent tiles in image mosaicking), and p is the
mean value of the image. The largest correlation coefficient E indicates the best match of two
tiles and provides the desired translational offset for tile stitching. The main advantages of this
method are (a) its relatively low computational cost, (b) robust performance for image tiles
acquired with the same instrumentation setup, and (c) full automation.

3D reconstructions

After stitching overlapping areas from each serial section, the z-series from each section were
aligned in an immersive 3D environment using ImmersaDesk14 (Fakespace, Kitchener,
Ontario, Canada) by methods described in detail previously.7’ 25 |mmersaDesk!4 is available
in image-analysis facilities at many research universities and permits multiple researchers to
view data simultaneously, provides investigators with stereo vision, and allows for a wide
viewing angle and the ability to present different 3-D aspects of the image depending on the
investigator's perspective.

In the immersive environment, the investigator matches alignment of the bottom image of the
z-series from the first serial section with the top image from the Z-series of the next serial
section, while all 3D relationships between the adjacent sections are taken into account in
determining the alignment between the sections, repeating this step until all images are aligned
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(Fig. 1). If the object of interest in the bottom of the z-series of layer 1 does not match the top
image in the next layer, the distortion, perhaps introduced by tissue processing, is corrected by
applying a 3-D nonlinear warping algorithm restore the distortion after the initial manual
alignment. We use automated image reconstruction (AIR) software to apply a 2-D non-linear
warping algorithm to match the bottom image of the z-series from layer 1 with the top image
from the z-series of layer 2, resulting in a 2-D nth order polynomial transformation which is
expanded to 3-D (n +1)th order as described in detail elsewhere.2% With the known boundary
conditions and some reasonable assumptions, all the coefficients in the (n + 1)th-order
polynomial can be determined, and with this nonlinear transformation, the z-series from
adjacent serial sections can be warped to connect to each other smoothly. The size of each
reconstructed volume was restrained to less than 512 x 512 x 256 voxels to accommodate
software and hardware limitations.

Segmentation and Calculation of Surface Areas

In this study, laminin was labeled red and CD34-positive endothelial cells were labeled green.
Non endothelial cell lined laminin-rich VM patterns were segmented (isolated for analysis) by
removing green (CD34+ endothelium) and yellow (co-localization of CD34+ endothelial cells
and laminin) voxels from the volume, and converting the RGB volume to a gray scale volume:

) _ nyz’ if nyz =0
xyz ~ 7 !
V- 0, if nyz >0

where Ry,y and G,y are red and green component of the RGB volume at position (x, y, z)
respectively, and lyy; is the intensity of the converted gray scale volume at (x, y, z). Blood
vessels (appearing either green or yellow) were segmented (isolated for analysis) by removing
red voxels (representing laminin not associated with endothelium) from the volume:

Ixyz=Gxyz-

After the segmented laminin and blood vessels were converted to gray scale volumes, the
marching cubes algorithm26 was used to convert the volumetric model to a surface model, and
the surface areas of laminin in VM patterns and endothelial cell lined blood vessels were
calculated using the Visualization Tool Kit (VTK).27 A threshold is needed in the marching
cubes algorithm to determine where the surfaces of laminin and blood vessels are. To maintain
consistency in calculations, the threshold value of 64 was used in the marching cubes algorithm
in all the studies.

Microvascular Density

Microvascular density was determined by counting the number discreet CD34+ labeling points
from an en face (two-dimensional) projection of each reconstruction. Even in highly
vascularized primary and metastatic uveal melanoma tissues, the distribution of blood vessels
within vasculogenic mimicry patterns is uneven. We therefore restricted the area of interest to
allow for the examination of tumor tissue with the highest concentration of blood vessels within
vasculogenic mimicry patterns. There are limitations to the size of volumetric data that can be
analyzed in the ImmersaDesk environment. We therefore quantified the 3D surface areas of
VM patterns and vessels where the number of vessels was highest, but the surface area for any
plane within this volumetric construction was less than 0.313 mmZ. To allow for a comparison
between our data and data reported in the literature, we calculated an adjusted MVD for the
conventional area used for reporting this parameter (Table 1): the MVD in areas of tissue
examined in this study is in the high range of MVVD measurements in this tumor system.lgl
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RESULTS

The liver metastasis from uveal melanoma contained numerous back-to-back laminin+ VM
loops (Fig. 2), as well as numerous small blood vessels (Fig. 3). When measured from a 2D
histological section adjusted for an area of 0.313 mm?, the microvascular density in all samples
was high using the criteria reported by Makitie et al9 for this primary uveal melanoma (range
56.7-72.7 vessels/0.313 mm?, Table 1). When measured from the 3D reconstructed tissue, the
average ratio of the surface area of looping CD34—/laminin+ VM patterns to the surface area
of CD34+ blood vessels was 11.6 (range 10.8-14.1, Table 1).

DISCUSSION

It is possible to derive information about the structure of tissue elements in 3D that would not
necessarily be anticipated from the examination of 2D histological sections. Specifically, using
3D reconstructions, we demonstrated that the histological finding of back-to-back loops (VM
patterning) in melanoma tissue represents cross sections of cylindrical structures rather than
spheroids as originally postulated.7 The finding is clinically relevant because VM patterns
transmit fluid in tissue and may be a conduit for drug delivery.G’ 8,9 The distribution of fluid
around cylinders is clearly different from the distribution around spheroids.

In our previous and current work, tissues were reconstructed from confocal stacks generated
from serial paraffin sections. One may reasonably question why is it necessary to account for
histological features contained within the thickness of the section: why shouldn't the
reconstruction to be performed from measuring surface areas on adjacent serial sections,
eliminating the need for confocal microscopy? There are at least two significant limitations to
the reconstruction of tissue without considering the depth of the structure in tissue sections.
First, the volumetric content of the confocal stack permits serial sections to be aligned correctly
(Figure 1).7! 25The currently available alternative to volumetric-assisted construction requires
the insertion of fiduciary markers into tissue that may distort the tissue. Second, if one
reconstructs tissue without considering the information contained within the thickness of each
serial section, then information (resolution) is lost: the thicker the section used for
reconstruction purposes, the more information that is lost.

Investigators who plan to reconstruct tissue using the technique of aligning volumetric stacks
in an immersive visualization environment may consider using serial sections that are thicker
than the 4 um sections used in this study. Fewer serial thick sections are required to reach the
same volumetric construction as reconstructions of thinner sections. We experimented with
tissue sections of varying thicknesses. For example, in our hands, we found that there was
excellent antibody penetration at 10 um, but that it was more difficult to capture sequential
artifact-free sections at this thickness. As sections increased in thickness, the number of
artifacts increased as well. A fold or distortion in one of several adjacent sections will interfere
with the reconstruction. In our laboratory, the most efficient throughput for adjacent artifact-
free serial sections was achieved at 4 um thickness, but we acknowledge that other laboratories
may be capable of generating reconstructions from thicker serial sections.

In our previous work”> 25 and in this study, we selected a manual method to align volumetric
confocal data with the of confocal stacks using the ImmersaDesk visualization environment.
It is now possible to port much of the functionality of the ImmersaDesk to individual computer
workstations (unpublished data). We are also developing semi-automated and automated
alignment tools that yield results comparable to those achieved by manual methods?8 and do
not require the insertion of fiduciary markers that can distort tissue.

In this study, we introduced two new methods to our 3D reconstruction strategies. First, we
developed a method to stitch together the z-stacks of overlapping confocal fields of interest.
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This permitted us to extend the reconstruction field of view in the x and y axes beyond the area
captured by the confocal microscope objective. Second, we developed a method to measure
the surface area of the objects of interest (blood vessels and VM patterns) in 3D. We then
applied these methods to the problem of comparing the surface areas of blood vessels with VM
patterning. Because a high concentration of blood vessels seldom co-localizes to VM patterning
in primary uveal melanomas, we studied foci of metastatic uveal melanoma to the liver where
such co-localization was identified.

For this study, we selected CD34 (QBend 10) to label blood vessel endothelium because this
marker does not label the endothelium of hepatic sinusoids (in normal liver, CD34 expression
is confined to periportal vessels)29 and has been shown previously to generate the highest
MVD calculations in this tumor system among multiple endothelial cell labels tested.19 As
noted above, tissue from which the reconstruction was generated did not contain stromal
elements other than VM patterns. We have previously described CD34 labeling of melanoma
cells,20 but these inappropriately labeled tumor cells can be identified in three dimensional
reconstructions because they appear rounded (when CD34 labels melanoma cells, the tumor
cells are typically epithelioid, not spindled)20 and multiple cells stain in grapelike clusters.”
In the reconstruction performed in this study, we confirmed that CD34-positive elements
formed tubular structures consistent with vessels by rotating the reconstructed image to
visualize the areas of interest from multiple points of view.

It is certainly possible to use alternative labels for blood vessel endothelium such as CD31 or
CD105, or to employ multiple endothelial cell labels simultaneously to study the 3D
distribution of blood vessel endothelial cells expressing different markers. It is also feasible to
extend these observations to the study of additional structures of interest, such as the relative
distribution of lymphatics within the hepatic metastases by introducing a third label to
lymphatic endothelium such as podoplanin or D2-40.30 Segmentation of the third channel by
methods similar to those described above would permit us to isolate the surface area of
lymphatic vessels in the hepatic metastasis (there are no lymphatic channels within primary
uveal melanomas31).

VM patterns are generated by highly invasive tumor cells and do not label with endothelial
cell markers. Looping vasculogenic mimicry (VM) patterns were first described as a
histological marker of adverse outcome in uveal melanomas— 2-36 and were identified in
hepatic melanoma metastases3’ using the non-specific modified periodic acid-Schiff stain.
38vMm patterns are now known to contain taminin,%: 20 fibronectin,3% collagen Iv,40 collagen
V1,41 and focal trace amounts of collagen 139 and to be different from fibrovascular septa in
both composition and morphology.16 Aside from uveal melanomas, VM patterns have been
demonstrated histologically in cutaneous#2: 43 and oral mucosal melanomas 4
inflammatory#®-90 and ductal®! breast carcinoma, and prostatic carcinoma,2 ovarian
carcinoma,® rhabdomyosarcoma40 and synoviosarcoma,54 and pheochromocytoma.55

In areas of tumor tissue where high MVD co-localize to VM pattens, the laminin-positive
CD34-negative VM patterns provide for an 11.6 fold greater (range 10.8-14.1) surface area
than CD34-positive blood vessels. In most primary tumors, where blood vessels seldom co-
localize to zones of high MVD, it is likely that the ratio of VM surface area to the surface area
of endothelial cell-lined blood vessels is much greater. Therefore, the potential surface afforded
by VM patterns may provide an augmented distribution of therapeutic compounds to tumor
tissue beyond that provided by blood vessels alone.

Without the application of 3D reconstruction techniques following immunohistochemistry and
confocal microscopy, it would not have been possible to clarify the spatial configuration of
VM patterns or to quantify the relative surface areas of endothelial cell lined blood vessels to
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these patterns. The techniques used in this study illustrate the convergence of
immunohistochemistry and macroscopic 3D tissue reconstruction. The ability to apply these
techniques to archival paraffin blocks may make it possible for pathologists to visualize and
quantify the distribution of molecular markers in a variety of tissues and pathological entities

in
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The reconstruction of a tilted cylinder (column A) from 2D sections is illustrated on the top
row. One might align cross sections of the cylinder to assemble either the original tilted cylinder
(B) or an upright cylinder (C and D). However, if one reconstructs the tilted cylinder from 3D
volumetric sections as illustrated on the bottom row, the bottom of the first z-stack (B, layer
1, in black) is aligned with the top image of the 2" z-stack (B, layer 2, in red) to achieve the
alignment that is true to the shape of the original object in the final reconstruction (D). The
process is repeated on the z-stacks of adjacent sections (bottom of one stack to the top of the
adjacent stack). Sections are shown in this sketch as separated in space only for the purposes

of illustration.
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FIGURE 2.

Back-to-back loops of laminin, characteristic of vasculogenic mimicry patterns are illustrated
in one 2D plane from the reconstruction of area 4 (see Fig. 3 for the complete reconstruction
of this tissue). The green channel (staining for CD34) is subtracted from this image but is
included in Fig. 3 for comparison. The unlabeled spaces (black) surrounded by laminin are
filled with unlabeled tumor cells (see Chen et al7). Reference bar = 20 um.
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FIGURE 3.

This is a 3D reconstruction of metastatic uveal melanoma to the liver featuring the co-
localization of high microvascular density and looping vasculogenic mimicry patterns. The
reconstruction includes the area illustrated in Fig. 2 and corresponds to area 4 in Table 1.
Laminin is stained red and CD34-positive endothelial cells are stained green. Blood vessels
may appear yellow because of the co-localization of laminin and endothelial cells. Resolution
of the image is 1.37 x 1.37 x 3.32 pixels/um measuring 374.78 x 374.78 x 27.39 um.
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Table 1
Microvascular Density Calculations
Area Examined Area (mm?) of tissue Number of CD34- Adjusted microvascular Surface area ratio of
examined positive vessels density (per 0.313 mm? laminin-positive VM
area) patterns to CD34-
positive vessels
1 0.073 17 727 10.9
2 0.101 21 65.0 14.1
3 0.138 25 56.7 10.8
4 0.141 32 71.2 10.8

Calculation of the surface area ratios of laminin-positive VM patterns to CD34-positive vessels was performed based on the area of tissue examined by
stitching together overlapping confocal stacks as described in the methods section. Because microvascular density is typically calculated in this tumor

system in the literature20: 36 on the basis of an area of 0.313 mm?2, an adjusted calculation is provided only to allow for a comparison with previously

these published data.
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