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Abstract

Complex tissues such as the lung are composeduztstal hierarchies such as alveoli,
alveolar ducts and lobules. Some structural usish as the alveolar duct, appear to selectively
participate in tissue regeneration. Here, we detnates an approach to conduct laser
microdissection of the lung alveolar duct for sexgell PCR analysis. Our approach involved
three steps. 1) The initial preparation used mecharsectioning of the lung tissue with
sufficient thickness to encompass the structurenteirest. In the case of the alveolar duct, the
precision-cut lung slices were 200um thick; theedi were processed using near-physiologic
conditions to preserve the state of viable ce)sII# lung slices were examined by transmission
light microscopy to target the alveolar duct. Thefiled lung was sufficiently accessible by
light microscopy that counterstains or fluorescéatiels were unnecessary to identify the
alveolar duct. 3) The enzymatic and microfluidiclaion of single cells allowed for the harvest
of as few as several thousand cells for PCR arslyicrofluidics based arrays were used to
measure the expression of selected marker geriedivdual cells to characterize different cell
populations. Preliminary work suggests the uniqakier of this approach to understanding the

intra- and intercellular interactions within th@emerating alveolar duct.



Introduction

Complex tissues such as the lung are composeduztstal hierarchies such as alveoli,
alveolar ducts and lobules (Weibel and Gomez, 19B2cent evidence indicates that these
structures reflect not only mechanical relationshipput functional units that selectively
participate in integrated processes such as tissgeneration (Weibel, 2008). Since bulk
analyses of cells and gene expression—ignoringetdestinctive regenerative units—has failed

to illuminate the specific interactions among celisticipating in these processes (Paxson et al.

2009; Wolff et al., 2009), there is growing intdr@s the spatial sampling of the cells within
regenerative units and studying them systematically

The initial attempts to refine the bulk analysisceltls within regenerating tissues used
flow cytometry (Lin et al.,, 2011). Flow cytometig a multi-dimensional high-throughput
technology that can analyze and sort individudsdahsed on their phenotypic characteristics—
in most cases, sorting is based on cell surfaceent# expression (Zeng et al., 2007; Rossin et
al., 2011). This approach has provided usefulghtsi into the molecular expression of cell
populations participating in lung regeneration (@b#o et al., 2012b; Chamoto et al., 2012c;
Chamoto et al., 2013a; Chamoto et al., 2013b); thethess, the relatively large number of cells
sorted by flow cytometry has potentially obscurted cell-cell interactions within individual
regenerative units.

To address these limitations, there is growingregein isolating cells within individual
regenerative unites; in lung regeneration, theamnat unit appears to be the alveolar duct. This
goal has been aided by two developments. Firstpaten-controlled laser microdissection of
tissue has facilitated the rapid isolation of snaihtomic units within complex tissues. The

ability to harvest anatomic units, such as the @dareduct, under physiologic conditions has



enabled detailed single-cell analysis. Second, ofliddic devices capable of capturing and
handling single cells allowed for the analysis leé small number of cells comprising anatomic
units such as the alveolar duct. Further, theskatew cells can now be analyzed for gene
expression at the level of individual cells. Theule is an opportunity to define not only the
signaling interactions between cells, but alsorttwdecular interactions and signaling pathways
within cells (Chamoto et al., 2012b; Konerding let2012; Chamoto et al., 2013a).
In this report, we demonstrate the use of laseradissection to isolate cells in the

murine lung alveolar duct, and the microfluidic l®mn and gene expression analysis of

individual cells within this structural unit.



Materials and M ethods

Animals. Male mice, eight to ten week old wild type C578I(Jackson Laboratory, Bar
Harbour, ME, USA) were anesthetized as previousbcdbed (Gibney et al., 2011). The care of
the animals was consistent with guidelines of thmefican Association for Accreditation of
Laboratory Animal Care (Bethesda, MD, USA) and appd by our Institutional Animal Care
and Use Committee.

Corrosion casting and SEM. The lung vessels were cannulated and perfusdd 1t
20ml of 37°C saline followed by a buffered 2.5%tghaldehyde solution (Sigma, St Louis, MO)
at pH 7.40. After casting of the pulmonary microalation with PU4ii (VasQtex, Zurich,
Switzerland) diluted with 20% methylmethacrylatenomers (Sigma) and caustic digestion, the
microvascular corrosion casts were imaged aftetirg@avith gold in an argon atmosphere with a
Philips ESEM XL30 scanning electron microscope.

Embedding medium. Agarose at 30% (w/v) was thoroughly mixed andnaexd to 37C.

The trachea was cannulated and the warm agarassedhiising the lowest pressure necessary to
inflate the peripheral lung. At total lung capacitlye trachea was clamped and the lung block
placed in 4C saline and allowed to harden.

Precision-cut lung slices. Sectioning was performed with the Leica VT1000il8ating
blade microtome (Leica Biosystems, Nussloch, Gegnarsing stainless steel razor blades
(Gillette, Boston, MA). The microtome was operagtdhe following adjustable settings: knife
angle, 5-7°; sectioning speed, 0.05 - 0.2 mm/sexgjllation frequency, 80-100 Hz; and
oscillation amplitude, 0.6 mm. Most sections wed@@n thick and mounted onpalyethylene

naphtalene (PEN) membrane frame slide (Life Teatgiek, Carlsbad, CA).



Laser microdissection. The Arturus XT LCM System (Life Technologies) wased for
all ultraviolet (UV) laser dissection. The UV laseas a specially adapted beta-test laser for wet
tissue applications. The Arcturus XT software wasdito target tissue for UV dissection.

Enzymatic digestion. Enzymatic digestion of the lung reflected a poergiy published
protocol (van Beijnum et al., 2008). Briefly, caknase Type IV and DNase | was used to
dissociate the tissue. The digestion was performe®@?C under constant agitation until
dissolved. The digest was filtered through 35umonyimesh in preparation for microfluidic
analysis.

C1 microfluidics chip. The C1 Single-Cell Auto Prep Array Integratedidilei Circuit

(chip) is the microfluidic component of the FluidigC1™

Single-Cell Auto Prep System. The

medium chip (10-17um cell size) was used to capgungle cells (96 on one chip) obtained from
the laser microdissection. The chip was used ttoparsingle-cell PCR using a custom 96 gene
panel designed for the alveolar duct.

Bioinformatics. The resulting dataset from the PCR array consi$ta enatrix of
expressions of 96 genes for each of the 96 welier A filtering step, we obtained a matrix of
83 genes that show variation in their expressigge( by s.d> 1) for 72 single cells as
confirmed by QC, i.e., by discarding readouts framlls containing possibly either more than
one cell or debris. Sparse hierarchical clustebaged on feature selection was performed in the

GenePattern platform (available online freely frBnoad Institute of MIT) to identify different

cell populations defined by the corresponding magemes.



Results

Precision-cut lung dlices. Structural analysis of the murine lung using SEM
demonstrated a mean diameter of the intact alveshlat of 197+34um (Figure 1). To obtain
thickness-calibrated lung slices encompassing ltreokar ducts, 200um thick precision-cut lung
slices were sectioned after intra-airway instidatof a 3% (w/v) agarose embedding medium. At
37°C, low melting point agarose had sufficiently lowscosity to permit instillation into the
peripheral airspaces---important for the preseovatf alveolar architecture. When cooled to
4°C, the agarose-lung block demonstrated stabilitypi@cision sectioning. The agarose-lung
block, mounted on Leica VT1000 S specimen holder iammersed in ice-cold PBS, was serial
sectioned (Figure 2). For single-cell genomics istsidthe lung slices were mounted on a PEN
membrane frame slide to provide structural supploring laser dissection. The frame slide
facilitated the retrieval and subsequent processirige dissected specimen (Figure 3).

Optical targeting. The hierarchical anatomic structure of the luagilitated the visual
identification of the alveolar duct. Although thehydrated lung lost structural features by light
microscopy, the well-hydrated lung was readily eixerd throughout the 200-300um depth in
the precision-cut lung slices in the absence omhterstains or cell-specific labels (Figure 4).
Preliminary identification of the alveolar duct wesnfirmed by varying the optical plane and
identifying the feeding bronchiole (Figure 4A,B)h& computer-controlled laser software
allowed for precise selection of regions encompastie alveolar duct; the demarcated regions
were harvested by the UV cutting laser (Figure 4Clhe laser power, speed and focal point
was varied to optimize single-pass dissection eftthsue and minimize thermal damage. The
required laser power was consistently reduced 8 %0th absorbent blotting of the section

surface followed by re-application of media immeeliafollowing UV dissection.



Single-cell isolation. The laser-dissected samples were enzymaticallyestid,
microfiltered and prepared for microfluidic anakygFigure 5). The PEN membrane-associated
samples were incubated in collagenase Type IV bfifie15-30 minutes at 3C with constant
agitation. The acellular matrix and PEN membrarsasated debris were microfiltered with a
30um mesh. Cell yields varied from 1-3%X&lls per alveolar duct. Cell viabilities rangedrf
70-90% depending upon treatment conditions. This eedre analyzed using the Fluidigm '&1
Single-Cell Auto Prep System (Fluidigm, South SaanEisco, CA). In the 96 well C1 system, a
typical result was the capture of 75 single cdl&wells with 2 or more cells and 2 wells with no
cells.

Single-cell PCR. The C1 chip used a microfluidic circuit to cagtuhe isolated single
cells (96 on one chip). The single cell poly-adatsdl RNA was converted to full-length cDNA
for universal amplification of the cDNA and cust®@R analysis. Our custom PCR arrays were
developed based on gene expression studies usingfitometry-based phenotypic isolation of
lung cells (Chamoto et al., 2011;Lin et al., 20la@oto et al., 2012a;Chamoto et al.,
2012c;Chamoto et al., 2013a;Chamoto et al., 201Re}ults of the C1 PCR studies were
analyzed by unsupervised hierarchical clusteringguié 6). Clustering based on selected
features demonstrated single-cell clusters (Figiréhat corresponded to previously identified
cell types (e.g. endothelial cells, myofibroblaated macrophages). Gene expression clusters

likely reflect cell-specific signaling modules.



Discussion

In this report, we demonstrated laser microdiseaadif the lung alveolar duct for single-
cell PCR analysis. Our approach involved threesst&épThe initial preparation used mechanical
sectioning of the lung tissue with sufficient thielss to encompass the structure of interest. In
the case of the alveolar duct, the precision-aug Islices were 200um thick and processed using
near-physiologic conditions to preserve cell vigil2) The lung slices were examined by
transmission light microscopy to target the alvealact. The air-filled lung was sufficiently
accessible by light microscopy that counterstaindluorescent labels were unnecessary to
identify the alveolar duct. 3) The enzymatic ancanaiiluidic isolation of single cells for PCR
allowed for the harvest of as few as several thodiszells for analysis. The data suggest the
unique value of this approach to understandingrttra- and intercellular interactions within the
regenerating or neoplastic alveolar duct.

Harvesting viable cells from the alveolar duct rieggithat tissue slices of the appropriate
thickness be obtained in near-physiologic cond#tiavianually sliced tissues have been used for
nearly 90 years in various vitro applications (Warburg, 1923;Graaf et al., 2000\wéver, the
manually prepared slices have had limited reprddlityi and viability (Olinga et al., 1998). A
mechanical tool to facilitate the cutting of tissok precise thickness was introduced by the
Krumdieck in 1980 (Krumdieck et al., 1980;Krumdie@013). With progressive refinement,
tissue microtomes now vibrate with varying ampléscand frequencies to produce slices with
highly reproducible thickness—thus, these sectemasreferred to as precision-cut tissue slices
(Morin et al., 2013). With current vibrating micoohes, precision-cut tissue slices preserve the
original organ architecture, the cellular heteragnand extracellular matrix found in vivo

(Fahy et al., 2013). Precision-cut tissue slicesgkample, have enabled the development of ex



vivo systems for systematic pharmaco-kinetic pradilof tumors contained in their native 3-
dimensional micro-environment (Vaira et al., 2010).

A key feature of precision-cut lung slices in tiiagd is the use of agarose as structural
support. Because live tissue is too soft for m@dectioning, and molten paraffin is too hot for
live tissue, a biocompatible liquid with a low-teempture geling point is used as an embedding
medium. Agarose is typically used for lung embaddiecause it has sufficiently low viscosity
at 37-40C to be infused into the distal airspaces, yet ufficsently rigid for microtome
sectioning at 2C.

Although there is significant overlap between tegbas, laser microdissection can be
distinguished from laser capture microdissectio@NL) by the method of cell isolation. In the
original LCM system developed at the National lu$és of Health, the target cells were
identified by light microscopy and captured usimgiafrared laser (Emmert-Buck et al., 1996).
A transfer film positioned over the region of irgst (typically tumor cells) was melted into the
tissue using an IR laser. The dissected tissueosample was then lifted from the
histopathology slide for subsequent RNA, DNA ortpio analysis. In most contemporary LCM
systems, a requirement for effective capture isditleydration of the tissue—a requirement that
precludes the study of live cells (Vandewoestyneakt 2013). In contrast, our laser
microdissection approach uses a cutting ultraviflé¥) laser to define the margins of the
dissection under near-physiologic conditions. @tigh UV-induced thermal injury to the
neighboring cells is demonstrable using live-desshgs; the dissection margins can be drawn to
minimze the injury to the region of interest. lar@pplication, we maintained near-physiologic
conditions during the UV laser dissection with oblgtting of the tissue surface to minimize

excess liquid media prior to UV dissection. The Usker-defined alveolar duct was
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subsequently transferred to the collection chambigrout the use of an IR laser or transfer film;
in most cases, the sample dropped into the chaodmasionally assisted by the application of
liquid media.

A frequently under-appreciated characteristic oé¢ thing is the large amount of
extracellular matrix in the organ (Badylak, 200T). addition, some extracellular matrix
components—most notably, elastin—are resistanbtoncon enzymatic treatments (Duca et al.,
2004). In our application, we have used a varétgnzymatic cocktails based on collagenase to
facilitate dissolution of the laser-dissected tesshowever, the most important component has
proven to be collagenase Type IV. In our protoceds used 30um mesh to seperate cells from
the collagenase-resistant matrix debris. Routinrexeamination of the filtered debris did not
show residual cells suggesting that this approam#s dhot result in the systematic loss of any
particular cell subpopulation. Of note, cell fition with mesh larger than 30um was prone to
debris-induced occlusion of the microfluidics chip.

The cells isolated by mirofluidics were studiedngsa custom 96 gene PCR panel. The
results of prior flow cytometry population studie®re used to select the genes used in this
custom panel (Chamoto et al., 2011;Lin et al., 20hamoto et al., 2012a;Chamoto et al.,
2012c;Chamoto et al., 2013a;Chamoto et al., 2018byv cytometry-derived cell type-specific
markers were incorporated into the panel to fatditthe spatial reconstruction of intercellular
interactions within the alveolar duct. For examphes genes Actin2 and Pecaml were added to
the PCR panel to identify myofibroblasts and endluhcells, respectively. Although the single-
cell transcriptional data must be analyzed in tbetext of potential limitations, such as burst
transcription (Livak et al., 2013;Wills et al., Z)1 insights derived from these data should be

useful for re-interpreting population-based daténbo vivo and in vitro.
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Finally, these results demonstrate the ability tetrazt viable cells from a
morphologically-defined micro-region of a tissuengge. We successfully applied single-cell
whole-transcriptome amplification and gene expmssnalyses to these sample—a process
which allows for simultaneous region-specific arall ¢ype-specific expression analysis. We
anticipate even more interesting experiments assipke in the future. For example, similarly
obtained viable single cells can facilitate a vgrief experimental perturbations prior to
endpoint analyses (e.g. expression profiling, naoclacid sequencing, immunoassays, or
proteomics). Further, new statistical and bioinfatics techniques may be used to design
efficient strategies for sampling cells at differéocations in the tissue and at different time-
points, and to study the genomic and transcript@igoals by taking into consideration the cell-
to-cell stochastic variation, overall heterogeneaityl platform noise, thus leading to construction
of robust and insightful spatio-temporal cell sigma networks. We are confident that such
single-cell analysis studies will lead to a moreamted understanding of the process of tissue

regeneration.
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FigureLegends.

Figure 1. Scanning electron microscopy (SEM) of the polymasted murine lung. Vascular
fixation and casting—the method with the least rdtage of common lung preparation
technigues—demonstrated bronchiolar and aveolar awbhitecture when examined by SEM.
The alveolar ducts were demonstrably containedimvitie 200um tissue slice.

Figure 2. Precision-cut lung slices were obtained by aatibg blade microtome after agarose
embedding (A). The agarose-lung block was initallyunted on a cork specimen platform wth
cyanoacrylate prior to sectioning (inset). The sattions were subsequently mounted on a
frame slide with a PEN membrane used for standeer Icapture microdissection (B).

Figure 3. The tissue slice was mounted on a frame slidee dlide is composed of a standard
optical microscope slide with a metal frame thgbparts a PEN membrane to facilitate laser
microdissection (a). In cross-section (b), theneaslide creates a reservoir for retrieval of the
dissected tissue.

Figure4. Lung slices of the murine cardiac lobe examibgdight microscopy. After mounting
on a frame slide, the sections were visualized autitounter-stain at 10x (A,C,D) and 20X (B)
magnification. The respiratory bronchiole and alae ducts were readily identified (B). The
relevant anatomic structure was demarcated by aoft@nnotation (C) and laser microdissected
using computer control (D). Successful dissecisotiemonstrated as the structure drops into the
frame slide and out of the optical plane (D).

Figure 5. Schematic of the single-cell isolation procedaiter laser microdissection. The tissue
samples were enzymatically digested and microéittensing a 30um mesh. Single cells were
isolated and PCR performed on a C1 microfluidicg.cfihe successful capture of individual

cells was readily identified by light microscopyget, small arrow).

Figure 6. The gene expression data matrix for 96 SCA sasnplech assayed for 96 genes from
the custom PCR panel, was clustered using an unssgee hierarchical clustering algorithm.
Phenotypic "markers" were incorporated into theegerpression panel to facilitate cell subset
identification as well as to correspond with thstbliogic and the flow cytometric studies. Four
groups of markers significantly expressed at sioglélevel are shown (top dendrogram).

Figure 7. After filtering of PCR data (see Methods), sparserdrchical clustering of 72
confirmed single-cells was performed. The differeetl populations based on the selected
features — 42 marker genes — are shown (top deradnm)gMarker-specific variation is indicated
by standard deviation (denoted by s.d.).
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