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Protocol for Biomarker Ratio Imaging
Microscopy with Speci ¢ Application
to Ductal Carcinoma In situ of the
Breast

Andrea J. Clark and Howard R. Petty *

Department of Ophthalmology and Visual Sciences, Univetgiof Michigan Medical School, Ann Arbor, MI, USA

This protocol describes the methods and steps involved in pgorming biomarker ratio
imaging microscopy (BRIM) using formalin xed paraf n-emlkedded (FFPE) samples of
human breast tissue. The technique is based on the acquisiin of two uorescence
images of the same microscopic eld using two biomarkers andmmunohistochemical
tools. The biomarkers are selected such that one biomarkerarrelates with breast cancer
aggressiveness while the second biomarker anti-correlatewith aggressiveness. When
the former image is divided by the latter image, a computed itio image is formed
that re ects the aggressiveness of tumor cells while incresing contrast and eliminating
path-length and other artifacts from the image. For examplethe aggressiveness of
epithelial cells may be assessed by computing ratio imagesfiN-cadherin and E-cadherin
images or CD44 and CD24 images, which specically re ect the mesenchymal or
stem cell nature of the constituent cells, respectively. Tis methodology is illustrated for
tissue samples of ductal carcinomain situ (DCIS) and invasive breast cancer. This tool
should be useful in tissue studies of experimental cancer asell as the management of
cancer patients.

Keywords: biomarkers, cancer, ductal carcinoma in situ , ratio imaging, microscopy, stem cells, mesenchymal

cells

INTRODUCTION

The advent of novel screening methods have substantiallycestl the incidence of advanced
forms of colon and cervical cancer$aficek and Averette, 2001; Pignone et al., },Ga&® might

be expected by removing patients with precursor lesions froengatient pool. Other screening
assays have not had such compelling successes. For examplaogiaphy has had only a minor

e ect on the prevalence of invasive breast cancezgnne et al., 2011; Bleyer and Welch, 2012;
Harding et al., 2016 Roughly 64,000 women are diagnosed with ductal carcinionséu (DCIS)
(stage 0 cancer) annually in the US. Epidemiological studiggest that about a quarter of these
patients have indolent disease, which would not a ect a patikmtng her lifetime Ozanne et al.,
2011; Bleyer and Welch, 2012; Esserman et al., 2013; Mag&bidl; Harding et al., 20L5vet all
patients are treated as if they have invasive disease. Hpisiiee seems reasonable as pathologists
cannot distinguish indolent from aggressive disease, aoiti khe patients and physicians are
gravely concerned about the outcomes. The same concermil ffor prostate, lung, thyroid,
and other forms of cancerssserman et al., 20)L4To better understand cellular aggressiveness
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in biopsy material, we have recently reported biomarker rati i
imaging microscopy (BRIM), which can stratify DCIS tissue Conventional Pathology coleumetilc image

samples using biomarkers related to cancer aggressiven : o cells.:
and digital image processing. In this protocol article, we
provide background information, rationale, and de nitive
methods with step-by-step instructions to examine FFPE sasnpl
using BRIM.

Background: Conventional and

U_nconventional Histology _ _ _ o LED

Microscopy has many advantages in studying breast lesions. - Lomer golls

permits the detection of early disease because, in principlges

dangerous cells can be imaged. In contrast to cell extmactig

methods that dilute biomarkers, microscopy allows biomarke

detection within cell organelles at high concentratiorsth®logy

labs also employ microscopy, where xed tissues embedded |in

paran blocks are standard. Conventional stains, such as

hematoxy”n and eosin (H&E), provide the necessary resmiuti | FIGURE 1 | Conventional and unconventional approaches inti  ssue

to distinguish among structural elements of a tissue. which evaluation are shown. As illustrated at the top of this gure, tissues may be

il hat th intended to dBi 1). Bi ’ k stained with dyes to reveal structural features, as illusited in the H&E stained

exactly whal €y were intended 1o Igure ) lomarkers, tissue sample on the right hand side. This image shows a DCISd&n

such as the estrogen receptor, progesterone receptor an@xnibiting the solid architecture. On the lower portion ofttis gure we illustrate

HER-2 are used to evaluate breast cancer tissue sectiohs witthe digital pathology approach used in the procedures desdbed below. In this

immunohistochemistry to provide further information for | case separate images of CD44 and CD24 immuno uorescence are allected,
: f hen ratioedin silicoto reveal a computed image wherein the presence of
ient managementA(lred, 2010. For man rs, it h then ra P 9 P

patient ba age ebtlﬂ(| ’ ol o| |ady yeg T)’. t ?(S CD44M/CD24° cells are highlighted. Thus, a subpopulation of tumor cellsan

not yet_ een possible to us_e molecu _ar y dene Ioma'j €I5 be identi ed. In this case, an invasive breast disease was stud. Note the

to stratify DCIS samples with a su cient range to provide | presence of a subset of highly positive CD4%/CD24'° cells at the periphery of

prognostic information su cient to identify aggressive vs. | the duct.

non-aggressive lesions. We have recently introduced thé&/BRI

technique, which provides substantially improved strattioa

of DCIS lesions by using a combination of biomarkers TABLE 1 | Advantages of BRIM Over Conventional Histochemistr .

guantitative microscopy and digital image processirigack

+ biomarkers
+ computer

Numbers  Drawbacks of conventional imaging BRIM improvements
and Petty, 2015 which should improve our understanding
of tumor cell heterogeneity and contribute to patientu) variations in cell shape ratioing
management. 2) variations in section thickness and loss of ratioing
Digital image processingF{gure 1) oers an alternative cell material during processing
approach to conventional optical microscopy; during BRIM,3) non-uniform illumination ratioing
at least two uorescence images are collected then process®d enzyme activity and non-linear deposition  uorescence
by computer. Conventional histology has several drawbacks, of reaction product
as outlined in Table 1 For quantitative studies, the signal ® light absarption by product is non-linear uarescence
intensity must be linear with respect to biomarker number.% mogestt optical resolution of reaction uorescence
products

Hence, enzyme-linked ampli cation in immunohistochemigtr
is inappropriate due to its non-linear characteristics (engym
kinetics, inner lter e ects, substrate nucleation, etcHxprayat,
2013. These di culties are avoided by uorescence microscopy.which is far smaller than the biological variability. Varans in
Although uorescence lamps should always be adjusted fosection thickness, cell shape, and cell size in uence a sample'
Koéhler illumination, it is possible that spatial variations i perceived brightnesd={gure 2), but cancel out in ratio imaging
illumination may be found, which distort image brightness i microscopy Bright et al., 1989; O'Connor and Silver, 2007; Petty,
conventional microscopy. However, ratio imaging microscopy2007. In addition, image ratioing has the distinct advantage
corrects for spatial artifacts in illumination by comparing of canceling out instrumental factors a ecting the brightseof
the same pixel at two di erent wavelengths. One theoreticain image including the numerical aperture (na), magni catio
IimitatioBo_fratio imaging is that the shot noise of a conviemal  (mag), transmittance of opticS( optics), the detector's quantum
image is N (N D the number of counts), whereas the shot noisee ciency (D qg), the detector's gain (Rin), the integration

in a simple ratio image is 2N, as expected by the propagationtime (t), the uorophore's quantum e ciency F og), and the

of error. However, this physical limitation is unimportant in pathlength f). As these instrument-speci ¢ elements cancel
this application because the increase in percent error intoed  out, standardization of results among laboratories will be
by ratioing at a bin intensity of 10 counts is only 0.4%, improved.
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FIGURE 2 | Effect of object shape on perceived brightness by

microscopy. The circle and rectangle have the same volume and particle
number. The circle appears brighter to an observer becausé is thicker. The
narrow vertical rectangle represents a vertical volume ahg the line of sight.
Although the round cell appears “brighter,” the ratio of redo green tags is the

compare normal tissue to invasive tissue to estimate themjma
range in contrast that might be obtained by ratioing experirse
Using the gene expression datafdrter et al. (2003)we nd
that the average levels of CD74 and CD59 on normal cells were
20 and 41, respectively. In the case of invasive breast catiters
levels of CD74 and CD59 were 254 and 5. Thus, the ratio of these
two parameters on normal cells is expected to be 0.49 whereas the
ratio on invasive cells is 50.8. The range of ratios is exgeotee
100-fold. As ratioing cancels out path-length and otherfadis,
as well as systematic noise in the tissue section, the latgatf
range in contrast with reduced noise and artifacts allow us to
identify CD74"/CD59° cells in a subpopulation of DCIS patient
samplesClark and Petty, 2016

Biomarker ratio imaging microscopy (BRIM) may be used
to detect well-known cell subpopulations using FFPE samples.
As illustrated on the lower right hand side &igure 1, BRIM
can identify specic cell subtypes, such as Ci#aD24°
cells. Cells structurally de ned as CORALD24° cells have
been functionally identi ed as breast cancer stem cellsHajj

same. et al., 2008 Similarly, when cells switch from an epithelial
(N-cad®/E-cad" cells) to mesenchymal phenotype (N-EHE-
cad® cells), the expression of E-cadherin dramatically declines
while the expression of N-cadherin increases. As breastetanc
4 stem cells have been linked to tumor growth and resistance to

m_ o| T =<0 gamt TQE P Lorag chemotherapy and radiotherapi¢an etal., 2005; Lietal., 2008
| oc _CD44 the presence of CDA4CD24° cells in a tissue sample indicates
R ha” - CD24 tumor aggressiveness. S|m|I_a}rIy, the presence (_)f meserthym
m—z T e gainthQEPg - tumor cells indicates an ability to metastasiZgiery, 2002;

(1) Ledford, 2011; May et al., 201 which also indicates aggressive
tumor cells. Thus, multiple breast cancer cell properties may be

Image ratioing is best known as a tool to detect calcium dgyjnaassessed using BRIM.

(Bright et al., 1989; O'Connor and Silver, 2007; Petty, 2007

However, it has also be used to detect pH and membranR/IATERIALS AND EQUIPMENT

potential changes within cellsB(ight et al., 1989; O'Connor

and Silver, 2007; Petty, 2007t is also used, although less EQuipment

often, in protein activation, polarization, viscosity, proity,  Biomarker ratio imaging microscopy (BRIM) requires a high-

and water permeability studiesielrod, 1989; Nalbant et al., sensitivity wide- eld uorescence research microscope hsas

2004; Dona et al., 20).3rhis method has also been used to asseshe Nikon TE-2000 Quantum, which is used by this laboratory.

the interstitial pH of tumorsin vivo (Helmlinger et al., 1997  To maximize light collection, a high numerical aperture atbjee

As described above, two images are collected during rafioins used. For this application, we typically employ a 20x/0.5

at two di erent wavelengths. As the signal of interest, sush aobjective to evaluate tissues, which provides good brigistne

calcium concentration, increases, the image at one wagtien Indeed, the mathematic relationship between magni cateomd

will increase while the image at a second wavelength willedesss  numerical aperture (Equation 1) indicates that this Nikon

in brightness. Although the use of one probe emitting at twoobjective provides somewhat brighter images than its 46x/0.

wavelengths is frequently used for ratio imaging micros¢opy  counterpart. In addition to its brightness, this objectiweadlso

uorescent labels are also used in image ratioifigp(o et al., a good choice due to: (1) its utility in pathology and (2) atsthi

1995; Clark and Petty, 2008; Clark et al., 2010 magni cation many uorescent labels can be found in each pixe
Let us next consider a biomarker thought experiment tothus providing a reliable estimate of the ratio. The opticaérl

illustrate our approach. Previous studies have shown that4;D7sets require a high % transmittance in the passband, while also

the g chain of HLA class Il antigens, increases during invasiv@roviding the greatest out-of-band re ectance. For raticaiging,

breast cancerHorter et al., 2003; Metodieva et al., 2D1On Iter sets with zero pixel shift image registration should be dise

the other hand, CD59, a complement regulatory protéifadjd  (although small registration errors can be corrected irhsafe).

et al., 2003; Porter et al., 2Q0%lecreases in invasive breastFor this application, we recommend the Chroma 49000 ET

cancer. Thus, CD74 expression correlates with poor outcomesries of optical Iters (Chroma Technology Corp., Bellows

while the CD59 level anti-correlates with poor outcomes. Ad-alls, VT), which have improved performance characteristics

breast cancer is believed to represent a continuum from nérmaomparison to conventional optical lters used in uorescence

to DCIS to invasive and metastatic disease, we quantitativemicroscopy. The increased transmittance of these lter sey
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enhance the photobleaching of uorochromes, but this can bé&Supplies
managed using embedding media that reduce photobleachirithe chemical supplies for BRIM experiments are listed in
(see below). Speci cally, we employ a Chroma 49011 Iter sefable 2 The antibodies used in these studies are giveralrie 3
for Alexa Fluor® 488 and a Chroma 49004 lter set for Alexa Alexa Fluor® uorescence labels are used because of their
Fluor® 568. As the emission spectrum of Alexa FlGo#88 brightness and photostability. The software programs used in
overlaps the excitation spectrum of Alexa FlGo568, it is these studies are Metamorph (v. 7.1.2.0) (Molecular Devices),
possible that resonance energy transfer between these Iwts la Meta uor (v. 7.1.2.0) (Molecular Devices), and ImageJ (NIH).
could artifactually lower the apparent level of Alexa FlBor
488 emission. This possibility was checked experimentaily, a Biomarkers
no signi cant level of RET was observed between labels. Thlthough numerous biomarkers have been identied, they
result was expected because the biomarkers are not known @&e not necessarily useful in BRIM studies. The labeling
be physically associated with one another. This con rms théntensity needs to be appropriate: either rising or falling hwit
appropriateness of the equipment and labels used in these studi@ggressiveness su cient to provide a high dynamic rangerafte
It is important to choose a camera with high sensitivity'ratiomg. The biomarker distributions within cells are also
low noise, with a linear response to illumination intensigs ~ important. We have found that ribosomal biomarkers are too
we use a 20x objective, lateral resolution is not importaor. F punctate to ratio. We have also found that biomarkers, such
this application, back-illuminated electron-multiplying alge  as gene regulatory proteins are not generally useful in BRIM
coupled device (EMCCD) cameras are appropriate. EMCCBtudies. These biomarkers can translate between the cgtapla
cameras from Andor Technology (Belfast, UK) and Photomstricand the nucleus and cannot be reliably used with current
(Tucson, AR) are good choices. These ultra-sensitive camera
can: detect roughly 1 to 10 photons, operate at low noise (the

EMCCD chips are cooled to 80 C), and have high quantum 8000 -
e ciencies with outputs that are linearly proportional with 7000 -
illumination intensity. As these cameras are built for biatzd
imaging, their spectral responsivities are nearly 100% in the 3 £000
green-to-red region of the spectrum, but decrease at higher .ﬁ; 5000 -
and lower wavelengths. The Andor iXon DV887 camera has & 40
16 16 mm pixels providing a 220,000 pixel well depth. A3 g
ratioing assumes that the images can be quantitatively coaapar E 30001
it is essential to con rm the linearity of the camera outpug a | ~ 2000 -
described in the next section. 1000 -
0 . T . T :
Veri cation of Camera Linearity Using 9 L 2 . 4 2

Percent of Maximum Label (%)

Bead Intensity Calibration
An InSpeck microscopy image intensity calibration Kit| FiGure 3 | Calibration of an EMCCD Camera. It is important to calibrate
(ThermoFisher Scienti c/Molecular Probes) was used tQ the camera output to insure that its performance is linear tioughout the
calibrate the detector. These beads possess di erent ueresc brightness region studied in tissue experiments. As desdred in the text,
intensities. Beads with 0, 0.4, 1.3, and 4.2% uorescence we individgal beads were photographed. The images Were? then alyzed to

. . . . determine the average intensity of each bead preparation.lie average bead
diluted and imaged with the apparatus described above. Imageﬁ]tensity is plotted at the ordinate and the percentage of meimal label, as
of blue uorescent beads were taken using excitation Iter of provided by the manufacturer, is plotted at the abscissa. Nte that the output
350/50 nm, a 415 DRLP dichroic re ector, and a 450DF30 nm of the camera is linear with the extent of label.
emission lter. Camera settings were identical to thosedusell
experiments (see below). Itis important to select a range aflbe 1,5, ¢ » | Supplies List for BRIM Protocol.
uorescence intensities that include the range of uoresoe
intensities to be encountered with biomarker labeling. phosphate buffered saline tablets (Life Technologies; c4t003002)

After saving the images, they were opened in MetaMorph anditon X-100 (Sigma; cat# T8787-100 mL)

spherical regions of interest were drawn over the beads. Regio-xylene (Sigma; cat# 295884-2 L)
measurements were performed to collect average intensityeer® 20 (Sigma; cat# P7949-100 mL)
readings for each type of bead. Measurements were importetkic acid (Sigma; cat# C2404)
into Microsoft Excel, where the average intensity and stathda sodium citrate dihydrate (Sigma; cat# W302600)
deviation were calculated for each bead type. Intensitya@mes albumin from bovine serum-BSA (Sigma; cat# A7906-50 g)
were plotted vs. the percent of relative intensity given farthea non-fat dried milk
bead type in the kit. The standard deviation for each point wagrolong biamond anti-fade mountant (ThermoFisher; cat# FE®61)
added as y-error bars, and a linear trend line was calculategbrning cover glass no. 1 thickness (Corning; 18 18mm cat# 2845-18,
Figure 3shows a calibration curve for the camera output, whiche5 25mm cat# 2865-25, 24  50mm cat# 2975-245)
was found to be linear. super PAP pen (ThermoFisher; cat# 008899)
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TABLE 3 | Antibody List for BRIM Protocol.

PRIMARY

Antibody Source Cat # Species Ratio
N-Cadherin Abcam ab98952 Ms N-Cad/E-Cad
E-Cadherin Abcam ab15148 Rb N-Cad/E-Cad
CD 74 Abcam abh9514 Ms CD74/CD59
CD 59 Abcam ab133707 Rb CD74/CD59
CD 44 Abcam ab41478 Rb CD44/CD24
CD 24 Biolegend 311102 Ms CD44/CD24
SECONDARY

Antibody Source Cat # Species
Gt anti-Ms Alexa 488 Invitrogen A11029 Gt

Dk anti-Rb Alexa 568 Invitrogen A10042 Dk

7. Transfer slides to a slide rack and place in a beaker cangain
antigen retrieval bu er (10 mM citrate bu er at pH 6.0 with
0.05% Tweeh 20).

8. Place the beaker containing racked slides in a pot of lgpilin
water, cover with a lid, and steam for 10 min.

9. Remove the beaker and allow it to cool to room temperature
for 1 h.

Antibody Labeling of Sections
It is possible that di erent antibodies directed against thensa
biomarker may react with tissue antigens in ways that a ect
the ratio observed. This could be due to binding di erences,
epitope di erences, antigen retrieval di erences, or otheltdas.
Hence, itis crucial to use antibodies speci cally reportedthis
application [Table 3.

Preparation for Antibody Labeling:

1. Wash slides three times for 15 min each in PBS containing

software. Thus, the biomarker pairs must be in the same cell 0.02% Triton X-100.
locations for BRIM experiments. We have found that plasm&  Remove Triton X-100 detergent by washing three times for 15

membranes or mitochondria are particularly useful targets f
BRIM experiments.

Samples

min each in PBS.

3. Remove slides from wash and dab o excess PBS; circle tissue
using a hydrophobic PAP pen to facilitate labeling.

4. Cover tissue with a solution of 10% non-fat dried milk in

Formalin xed para n-embedded (FFPE) tissue samples were PBS to block non-specic binding and then place onto a

obtained from National Disease Research Interchange (Bdthe
MD), the Cooperative Human Tissue Network (Columbus,

humidi ed tray for 1 h at room temperature.
Primary Antibody Labeling:

OH), and Fox Chase Cancer Center (Philadelphia, PA). These After blocking for 1 h, remove the solution and brie y rias
studies were approved by the University of Michigan's IRB the slide by dipping into PBS.
with informed consent in accordance with the Declaration of6. Cover tissue section with appropriate Ms and Rb primary

Helsinki.

STEP-BY-STEP PROCEDURES

Paraf n Removal and Antigen Retrieval

Formalin xed paran-embedded (FFPE) samples are
routinely used by pathology laboratories, and t within
their normal work ows. We have used BRIM to evaluate

FFPE samples after over 10 years of storage. Others hav

reported that these immunochemical procedures can b

successfully employed to study biomarkers on samples

after 30 years of storageCémp et al., 2000 Hence, BRIM

should be widely useful in the evaluation of pathology

samples.
Para n Removal:

antibodies at 2ng/mL (usually 1:100) in PBS containing 1%
BSA.
7. Gently place slides on a humidi ed tray that is kept overriigh
at4 C.
Secondary Antibody Labeling:
8. Wash slides three times for 15 min each in PBS, to remove
unbound primary antibodies.
9. Dab o excess PBS, and cover the tissue section with
esecondary antibodies [Alexa Fludr488 goat anti-mouse
(Invitrogen A11029) and Alexa Flu8r 568 Donkey anti-
rabbit (Invitrogen A10042)] at 20mg/mL each, in PBS
containing 1% BSA.
0. Place slides on a humidi ed tray, and move them to the dark
for 1 h, at room temperature.
Mounting Slides:

e

11. Wash slides three times for 15 min each in PBS, in the dark,

1. Obtain para n sections from FFPE tissue blocks, and then remove unbound secondary antibodies.
mount them on slides. 12. Remove slides individually, and dab o excess PBS.

N

3. Wash each slide twice in xylene for 5 min to remove para n.
Rehydration via ethanol gradient:

(20

. Wash for 1 min in each of the following solutions: 95, 8Qj an
70% of ethanol in water.

. Heat sections to 6C in a dry oven for 1 h to soften paran. 13. Place 1-2 drops (depending on section size) of Profong

Diamond antifade mountant (ThermoFisher Scientic /
Molecular Probes, Eugene, OR) on one end of the section.

. Wash slides two times for 5 min each in 100% ethanol, 14. Place one side of an appropriately-sized coverslip agaiast

drop(s) of mountant and then slowly and carefully lower the
coverslip using a pipette tip for support to prevent bubbles

6. Wash slides in phosphate bu ered saline (PBS) containing from forming.
0.02% Triton X-100 two times for 5 min each. 15. Allow slides to cure at room temperature in the dark for at

Antigen Retrieval:

least 12 h prior to imaging.
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Microscopy ratio range, and the antigens used in the ratio. Press the play
1. Image slides using a Nikon 20x/0.5 Plan Fluor objective button to save the image.

on a Nikon TE-2000 inverted microscope via an Andor

iXon camera (model DV887ECS-BV) attached to the bottorlmage Analysis: Quanti cation of Image

port. Plan Fluor or Super Fluor objectives are recommendefagta

due to their chromatic correction, high numerical aperture, Aithough images can be judged as high or low BRIM tissue

transmittance and atness across the eld. samples by simple visual inspection, it is necessary to quantify
2. Adjust the Hg lamp for Kohler illumination and then image properties for statistical analysis.

minimize the iris diameter outside the camera’s eld of view. o
This procedure reduces the entry of stray uorescence Iighil- Use Imagg.] software to further process the raw ratio tis.le
from outside the eld of view into the objective. After opening, con rm that the Image Type on the pull-down

3. Conduct an initial evaluation of the sample to locate an area Menuis 8-bit. . .
of the section where the numerator biomarker shows brighg- On the Image-Adjust-Threshold pop-up window, adjust the
staining for imaging. count area to 130-255. As previously describ&thik and

4. Acquire images via MetaMorph software with the following Petty, 201)i this range of values was selected because it
settings: exposure tim@ 100 ms; averagd 10 images; EM corresponded to ratios uniquely associated with aggressive

gain D 100; CCD temperatur® 80 C; 14-bit digitizer; disease. Inves;igator; may need_to assess the proper I_ower
vertical shift speed 294.12 kHz; vertical clock voltade bound for their particular experimental set-up to avoid
normal; pre-ampli er gainD 1.00 x; camera stat® non- overlap with normal brea§t tissue or broadenoma t|§sue
overlapped:; binnindp 1. (Clark and Petty, ZQ])6 This threshold. removes es;entlally

5. Take a white light image of the eld without EM gain for all of the low ratios associated with normal tissue; if
reference. the red button is pressed, the ratios associated with

6. Collect a green uorescence image using a Chroma 49011 gggressive biomarker ratios will be highlighted red in the
lter set comprised of a 480/40 nm excitation Iter, a 510 nm  Mage.
dichroic re ector, and a 535/50 nm emission lter. 3. Under the Analyze menu, depressing the Analyze Particles
7. Switch the Iter cube to a Chroma 49004 Iter set comprised command of the pull-down bar will cause the analyze particles
of a 545/25nm excitation Iter, a 535 nm dichroic re ector, ~ POP-Up window to be shown. Type in 5 for the minimum
and a 605/70 nm emission lter to collect an image of size of the particles in pixels. Smaller particle sizes may

red uorescence. Both images are collected of the same Nave a tendency to pick up noise in the ratio image. This
microscopic eld at the same focal plane. step produces several image metrics, such as count and area.

8. Save and then close images. Parameters, such as particle count can be used to compare
patient samples.

Image Processing RESULTS AND DISCUSSION
1. Reopen biomarker image pairs (Alexa FIfigt88 and 568) of . . .
the same eld in MetaMorph software. Suppression of Systematic Noise and

2. Use the “add plane” function to create a two image stack: thBathlength Differences
image corresponding to the numerator should be on top of theNe have previously mentioned some of the advantages of
stack whereas the image corresponding to the denominataatio imaging microscopy in the analysis of tissue sections

should be on the bottom of the stack. (Table 1, Equation 1). Systematic noise is a common element in
3. Save and then close the image stack. conventional histology. For example, in our recent papéiak
4. Open MetaFluor software, and select the “build INF le”and Petty, 2015 we illustrated the suppression of systematic
option under the utilities tab. noise during BRIM. Irregularities in sections, such as knife

5. Select each image stack from the previous step and ma&katter, is suppressed because it is present in both the nuorerat
an.INF le using the following options: Image type—Stack le; and denominator images, and hence, cancels out when the rati
number of wavelengths—2; equally space images by 102 risscomputed. Similar types of systematic noise, such as sestch
(image spacing is unnecessary); the les can now be openellile to machining of slide or cover-slip surfaces or patterns
by MetaFluor. formed when nylon or formvar matrices are used as support

6. Open the.INF les in the MetaFluor workspace, which will structures should be minimized. Although the non-specic
result in a ratio image. Select “display” to allow the imageinding of antibodies can be managed by blocking reagetits, i
parameters to be set, including the range of the calculatedot perfect. The non-speci c staining of tissues with uorest
ratio image displayed (in this case 0—4). An exclusive tholesh second-step antibodies is a potential source of systematsen
should be set on each of the original images to eliminatesaredVhen this idea was tested in a BRIM experiment (with the
of the image that are “holes” in the section itself (no cells obrightness increased to make the non-speci ¢ uorescenciega
tissue). to visualize), we found that the non-specic component of

7. Selectthe “Save ratios” option to name the ratio image ile. F sample uorescence was dramatically reduced (data not shown)
name includes sample identi cation code, the eld number,In Figure 4, we show a mesh support with non-speci cally
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bound Alexa Fluof 488-labeled antibodies and Alexa Fl&or below in Figure 6). Figure 5A shows an H and E image of a
568-labeled antibodies. Areas of mesh overlap are brightserial section of this region of the sample. CD74 (numeratod
because they are thicker than regions of single strands. Mewe CD59 (denominator) are shown ifrigures 5B,C respectively.
after ratioing, the non-speci c staining of the mesh disapgear A pseudocolor ratio image is shown iRigure 5D. In these
because it is ratioed to on€igure 4D); this also illustrated that three micrographs, a CD4CD59" cell and a CD7%/CD59°

the pathlength artifacts of overlapping strands also disappeacell are illustrated as cell 1 and 2, respectively. Thus, when
This approach may be useful in the analysis of tissues with higgD74 is high and CD59 is low, very large ratios are observed.
levels of auto uorescence. For example, lipofusin in tisssesh  Alternatively, when CD74 is low and CD59 is high, very
as the retina is highly uorescent across the visible spectamd  low ratios are found. Ag~igure 5D shows, a wide range of
could be managed with this approach. Thus, the methodologgatios are obtained. Importantly, many CD7AD59° cells are
described above might be applicable in many areas dbund, which suggests that the lesion contains aggressi® c

pathology. as CD74 correlates with adverse patient outcomes and CD59
correlates with positive patient outcomes (or inversely elates
Illustration of BRIM with aggressivenessM@djd et al., 2003; Porter et al., 2003;

Figure 5 shows an example of a BRIM experiment. Thesé/etodieva et al., 20)3The high number of CD74/CD59°
micrographs show CD74 and CD59 experiments (examples eklls is consistent with the diagnosis of invasive breast
N-cadherin, E-cadherin, CD44 and CD24 experiments are showeancer.

FIGURE 4 | Example of Ratio Imaging Microscopy. A nylon mesh was non-speci cally coated with Alexa Flud? 488-labeled antibodies and Alexa Flud?
568-labeled antibodies then air-dried (A) shows the meshwork using bright- eld microscopy; the overlgping regions should be noted.(B,C) show the green and red
uorescence emission channels, respectively. The ratio inge of Alexa FluoP 488 emission divided by Alexa Flud? 568 emission was calculated, which is shown in
(D). It should be noted that the pathlength differences in areasfanesh overlap disappear and that the non-speci c staining in(B,C) disappear by ratioing to one.
(Ratio scale bars are given along the right hand side of eachgpel.) (5x objective).

FIGURE 5 | Tissue lllustration of BRIM.  This gure shows images of:(A) H and E image,(B) CD74 (numerator),(C) CD59 (denominator), and([D) CD74/CD59
(ratio). The micrograph if(A) was obtained using H&F staining followed by imaging with a dor camera. This tissue sample was derived from a patient dggosed with
invasive breast cancer. As H&F staining should not be perfored on the same slide as immuno uorescence imaging, the micrgraphs of (A—C) were taken from serial
sections. Hence, (A) is similar to, but not identical with,(B—D). The images of(B,C) were autoscaled for clarity of illustration, but not in the @lculation of the ratio in
(D). This image was chosen for pedagogical purposes because itlistrates the principles of BRIM. Due to the brightness in e channel, cell subtypes are easily
discerned. (B) shows the numerator, CD74. Two cells are designated as 1 and.2Cell 1 is a cD74°/cD59M cell whereas Cell 2 is a CD74/CD59/° cell. This
illustrates the fact that different cell populations are jisent. As the differences in CD74 and CD59 levels are very &, a considerable improvement in gain can be
observed. As anticipated by genomic studiesRorter et al., 2003, large differences in CD74 and CD59 levels can be observed invasive breast cancer cells, as
physically manifested in the BRIM micrograph ofD). In the case of DCIS, a large range of ratios is observed(ark and Petty, 2016). (D) shows a eld containing
many CcD74"/CD59'° cells. Such high numbers of CD74/CD59'° cells are not found in normal breast tissue, broadenoma of ta breast, and a sub-population of
DCIS samples Clark and Petty, 2016. A ratio scale bar is given along the right hand side ¢D) (20x objective).

Frontiers in Cell and Developmental Biology | www.frontisin.org 7 November 2016 | Volume 4 | Article 120



Clark and Petty Biomarker Ratio Imaging Microscopy

noise and the enhancement of BRIM o er signi cant advantages
in the identi cation of aggressive and non-aggressive dealls
DCIS lesions.

Conclusions and Future Applications

In this protocol article we have described, in substantighie
BRIM, a new and unconventional approach in the study of
tissue samples that provides unprecedented insight into the
aggressiveness of cancerous lesions. To quickly implerese t
protocols, we recommend collaborations between biophysicist
with experience in ratio imaging microscopy, such as the ratio
imaging of calcium concentrations, and scientists or physgia
interested in immunohistology.

We anticipate that this approach will impact both basic
cancer research and in the clinical assessment of biopsies. The
many advantages of BRIM could also be extended to other
areas of cancer research, such as other types of over-diagnose
cancers Esserman et al., 20)L4As breast cancer stem cells are
resistant to chemotherapy and radiotheraf@ye@n et al., 2005;

Li et al., 2008 the extent of CD4%/CD24° cells in biopsies
may provide information regarding potential level resistance

to therapy, and thereby help to guide treatment. BRIM will
FlGURE6|PSGUdOCO|Or BRIM images of CD44 hi/CD24|0 cells and also nd many applications in drug development because Of
N-cad "/E-cad ' cels of DCIS lesions are shown. (AC) ~ show its lower cost than other methods for assessing the phenotypic
CD44"'/CD24'° cells whereas(B,D) show N-cad"/E-cad’ cells. Positive . .
BRIM ndings (high ratios) are shown ir(A,B). Negative BRIM results (low properties of tumor cells. For example, one could ascertain
ratios) are shown in(C,D). Higher ratios are indicated by the red-yellow colors the phenotype of tumor cells within animal samples after
in (A,B). Arrows denote regions of higher ratios. Note that the CD4%/CD24'° treatment with emerging anti-stem cell or anti-mesenchycell
o o Ay e e s oty | EagEicals. I adciton, ober types of Homarkers could
bars are given along the right hand side of each panel) (20x q’xﬁ:tive). be employed. For example’ BRIM could be used to monitor the

percentage of a phosphorylated oncogene vs. the total oncogene
pool, wherein the anti-oncogene antibody is a “standard ¢eind
. . . to assess relative changes in phosphorylation. This could also

Characterization of Cell Types in DCIS be employed more broadly to investigate signal transduction

We will now illustrate the results obtained when BRIM is usedn tissues. Dierences in the locations of signal transdoiati

to study DCIS lesionsFigure 6 shows BRIM micrographs of events within tissues and within single cells could be vigedli
DCIS lesions stained for CD#4CD24° cells and N-call/E-  Hence, we feel that BRIM will be broadly used in the analysis of

cad® cells Figure 6Ashows that CD4%/CD24° cells, which are  tissue properties, and that many additional applications will be

a key feature of breast cancer stem célls{{ajj et al., 2003 may  found.

be found in DCIS ducts, especially at the perimeter. However,

DCIS lesions of other patients can be negative, as illustratelUTHOR CONTRIBUTIONS

in Figure 6C. Similarly, Figures 6B,D show N-cad'/E-cad®

cells, which illustrate the mesenchymalness of the celimia AC performed the imaging experiments. HP invented the

associated with the ability of cells to metastasize=(al., 2008  method, designed the experiments and wrote the manuscript.
Positive cells are shown in panel B, whereas negative cells ar

shownin panel D. Distributions of BRIM scores of a DCIS patientA CKNOWLEDGMENTS

population for stemness and mesenchymalness is shown in our

previous study Clark and Petty, 2006 Thus, the suppression of This work was supported by the Mildred E. Swanson Foundation.
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