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Figure 1

Y tial of a disease is disclosed. The forward to backward, propagating second har-
; monic generation signal derived from a second harmonic generation instrument
is used to assess the collagen microstructure of imaged body tissue by way of
numerical values that are in turn used to determine the progressive or metastatic
potential of the disease. The disease may, for example, be a cancer such as
breast, cancer, lung fibrosis, colorectal adenocarcinoma, or the like. The appar-
atus may include in vivo instruments or laboratory diagnostic instruments with
methods disclosed herein.
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METHOD AND APPARATUS TO DIAGNOSE THE METASNTATIC OR
PROGRESSIVE POTENTIAL OF CANCER, FIBROSIS AND OTHER DISEASES

CROSS REFERERCE TO RELATED PATENT APPLICATHONS

This application claims priority to United States Patent Application Sertal No. 81/977,618 filed April 9,
2014 entitled “Method And Apparates Te DHagnose Metastatic And Progressive Polential Of Cancer,
Fibrosis, And Other Discases™ by Perry, Brown, Burke, Kotimann, Sime and Sharp, the entire disclosure

of which is incorporated hersin by reference as permissible by national or regional laws,
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1

THCHNICAL FIELD

The present invention relates generally to the field of pathology, and, more particulatly, to a
method and apparatus to diagnose the metastalic or progressive potential of cancer, fibrosis and

other diseases.

BACKGROUND ART

Determining the potential for cancer (o melasiasize or other diseases such as lung fibrosis to
progrsy and becoms fital has profound implications in patient freatment as well as the
development of new thempies and weatments, Predicting how g disease will progress given
Various of no ireatment options iy of tremendous value to the practitioner, the patient, and also
10 the medical research commumity, Unfortunately, the various diagnostic tools available today
do not provide predictions with a sufficient degree of confidence. and as such. over treatment or
non-targeted tregtment is comunon. With treatments such as ehemotherapy, this approach bas
profound health implications for the patient, both physical and mental. What 18 needed 15 a
method and apparatus to disgaose the metastatic or progressive potential of varions discases

such ay cancer, fibrosts, and the Hike.
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La¥

DISCLOSURE OF THE INVENTION

in accordance with the present nvention, there is provided g method for determining the
progressive potential of a disease, the method comprising the steps of imaging body tissue
using & sccond harmonic pensration instroment; determining the ratio of the forward o
backward propagating second harmonic generation signal derived from the imaging of the body
tissue with the second harmonic generation instrument; assessing the collagen microstructure of
the imaged body tssue using the ratio of the forward 1o backward propagating second hanmonic
gencration signal; comparing the ratio of the forward to backward propagating second harmonic
generation signal o the ratio of the forward o backward propagsting second harmonic
generatton signad of other tissue samples: and determining the progressive potential of the
discase by noumerical values derived from the ratie of the forward te backward propagaling
second harmonic generation signal of the imaged body tissue. The disease may, for example, be

tung fibrosis, a cancer such as breast cancer or colorectal adencearcinoma, or the Hike.

The foregoing paragraph has been provided by way of introduction, and is not intended to
limi the scope of the invention as dexcribed by this specification, claims and the attached

drawings,
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described by reference 1o the following drawings, in which like numerals

vefer to like cloments, and v which:
Figure 1 depicts methodology diagrams for the present invention:

Figure 2 is a graph depicting metastasis free and overall survival as a function of F/R in ER+,

LNN breast cancer;

Figure 3 ix a graph depicting progression free survival as g function of F/B in ER+ recwrvent

breast cancer patients treated with tamoxifen;
Figure 4 depicts overall survival of addidonal solid tumors {ar Stage 1 Colorectal
Adenocarcinoma and b Stage T Lung Adenocarcinomal as a function of F/B ratio;

Figore 5 i a graph depicting differences in F/B ratio for Healthy, COPR and UIP lung tissue

pe

samples;
Flgwee 6 depiets healthy, COP, and UIP lung histopathology compared 0 Fayg.

Figue 7 is a graph depicting differences in F/B ratio for lung tissue with preserved alveolar
architecture adjacent to UIP fibrotic lesions comparad with Healthy and UIP tissue;
Figure 8 depicts increased Coll and Col3 deposition, and Coll:Col3 ratio differences, n UIP or
COP versus healthy lung: and
Figure 9 depicts Rastin and Elastin:Collagen ratie differences m U and COP versus healithy
hung.

The present invention will be described 1 connection with a preferred embodiment,
hovwever, it will be understood that there is no intent to it the invention to the embodiment
described. On the contrary, the intent is 1o cover all alternatives, modifications. and egoivalents

as may be included within the spirit and scope of the invention as defined by this specification,

claims, and drawings sttached hereio.
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BEST MODE FOR CARRYING OUTT THE INVENTION

A method and apparatus for determining the progressive potential of a disease 18 described.
The aethod comprises the steps of Imaging body tissue asing a second harmonic generation

instrument; determining the ratio of the forward o backward propagating second harmonic
generation signal derived from the imaging of the body tissue with the second harmonic
generation instroment; assessing the collagen microstructure of the imaged body tissue using
the ratio of the forward o backward propagating second harmonie generation signal; comparing
the ratio of the forward to backward propagating second harmonic generation signal to the ratio
ol the forward 1o backward propagating second harmonic generation signal of other tissue
samples: and determining the progressive potential of the disgase by numerical values derived
from the ratio of the forward 1o backward propagating seeongd harmaonic generation signal of the
imaged body tissue. The disease may, for example, be lung fibrosis, a cancer such as breast

cancey or colorectal adenocarcinoma, or the like.

An apparatus cnaploving this method may be embodied in an endoscope arrangement, for

example. Such an apparatug is further deseribed herein.

By way of example, and not imitation, the specific use of the method and apparatus of the
present invention iy further deseribed using two examples- using seeond harmonic generation to
predict patient outcome in solid fumors and the prediction of fatal lung fibrosis. Afler reading
this specification, one can approciate and understand the applicability of the preseat invention

{0 other diseases in addifion to the examples provided herewith.
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EXAMPLE - USING SECOND HARMONIC GENERATION TO PREDICT PATIENT
QUTCOME IN SOLID TEMORS

{LLNN) breast cancer patients with chemothorapy is 8 pressing clinical problem that can be

addressed by improving technigues to prediet tamor metastatic potential, Here we demonstrate

that second harmonic gencration (SHG) analysis of primary fumor biopsics can provide

-~

prognostic information shout the melastatic ouwtcome of ER+. LNN breast cancer, as well as

a

dage | coloreetal adenocarcinoma.

.

Methods: SHG 15 an optical signal produced by fibrillar collagen. The ratie of the forward-
fo-backward emitted SHG signals (F/B) is sensitive {o changes in siracture of individual
collagen fibers. F/3 from excised prismary tumor tissue was measured in a retrospective study of
NN breast cancer patients who had recetved no gdjuvant systemie therapy and related o
metastasis-free survival (MFS) and overall survival (08} rates. In addition, F/B was studied for
its association with the length of progression-free survival (PES) in a subgroup of ER+ patients
who received tamoxifen as first-line treatment for recurvent disease, and for its relation with OS

in stage I colorectal and stage 1 lung adenocarcinoma pationts,

& I ER+, but not in ER-negative (ER-), LNN hreast cancer patients an increased

natural log of the F/B was stgnificantly associated with a favorable MES and O8. On the other
hand, an increased natural log of the F/B was associated with shorter PFS in ER+ recurrent
hreast capcer pationts treated with tamoxifen. In stage 1 colorectal adenocarcinoma, an
increased F/B owas significantly related to poor O, however this relationship was not

statistically significant in stage | hung adenocarcinoma; and further testing is required.

Copclgion: Within ER+, LNN breast cancer specimens F/B can stratify patienis based
upon their potential for tumor aggressiveness, This offers a "matris-focnsed™ method to pradict
metastatic ovicome that is complementary to genomic “cell-focused™ methods. This may
contribute o improved metastatic prediction, and bence may help to reduce patisnt over-

freaqtraent.
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e}

Introeduction

Breast cancer 15 the leading cause of cgneer related moriality i women {American Cancer
Society. Cancer Facts & Figares 2012, Atlanta; American Cascer Society: 2012), predominantly due
to metastasts {(Fisher R, Gregoro RM, Fisher B, Redmond €, Vellios F, Sommers SC: The
pathology of invasive breast eancer. A syllabus devived from findings of the National Surgical
Adjuvant Breast Project (protocol no. 43, Concer 1075, 36(11:1-83). After surgical resection of the
primary tomor, the clinieian must choose adjuvant therapy based upon the metastatic potentigl.
Due to thelr aggressive biclogical behavior, ER-negative (ER-} tumors are treated with
chemotherapy in the majority of patients. However, in ER+ patients whose cancer has not vet
spread to the lympb nodes (NN}, the chowce hetween hormonal therapy alons, or in
combination with chemotherapy. is more uncertain. Following current standard of care, 1t 18
estimated that 40% of these patients will be “overtreated”, receiving chemotherapy even
though they would mor go on to develop metastatic disease, causing many to endure the
emotional distress and severe side effects accompanying chemotherapy (Weigelt B, Peterse I1,
van't Veer L4 Breast cancer metastasis: markers and models, Natwre rovievws Concer 2005, 83591~
602). As sueh, there is a pressing clinical need to accurately prodiet which ER+, LNN patients

have a lower metastatic potential and thus can be spared from over-treatment,

4

Metastatic potential and treatment response can be predicted to varying degrees of accuracy
asing traditional histopathology, gene expression measurements (Paik $, Shak §, Tang G, Kim
€, Baker J, Cronin M, Bachper FL, Walker MG, Watson D, Park T ef of: A multigene assay to
predict recurrence of tamoxifen-treated, node-negative breast cancer. The New Englond
Journad of medicine 2004, 33U27¢2817-2826. Wang Y, Klijn 3G, Zhang Y, Sieuwerls AM,
Look MP, Yang F, Talantov D, Timmermans M, Meijer-van Gelder ME, Yu I e ol Gene-
expression profiles to prediet distant metastasis of lymph-node-negative primary breast
eaneer, Lancet 2008, 368(94601:671-679,  van 't Veer LJ, Dai B, van de Vijver MJ, He YD,
Hart AA, Mao M. Polerse HL. van der Kooy K, Marton Ml Witteveen AT of ¢f: Gene
expression  profiling predicts clinieal outceme of breast cancer. Nawre 2002,
4ES(68711:530-336. Parker 15, Mulling M, Cheang MC, Leung %, Vodue D, Vickery T,
Davies 8, Fawron €, He X, Hu 7 of of: Supervised visk predietor of breast cancer based on
intrinsic subtypes, Jowrnal of clinical oncology o official jowrnal of the Awmerican Society of

Clinical Oneology 2009, 27(E) 1 180-1167,
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Filipits M, Ruodas M, Jakesz R, Duobsky P, Fiteal F, Singer CF, Dietze (0, Gredd R, Jelen A,
Sevelda P et gft A new molecular predictor of distant recarrence in ER-positive, HER2-
pegafive breast cancer adds independent information to conventional clinical risk factors.
Clinfeal cancer research o an officied jowrnal of the American dssociation for Cancer Researeh
2011, PH1RR6012-6020), Immunochistochenustry of gene related protein products (Ring BZ,
Seitz RS, Beck R, Shasteen W, Tarr SM, Cheang MC, Yoder B, Budd GT, Nielsen TO, Hicks
DG e af: Novel prognostic immunchistochemicgl hiomarker panel for estrogen receptor-
peositive breast cancer. Journal of clinfcal oncology © aofficia] jowrnal of the dmerican Society
of Clinical CGueology 2006, 2419130393047,

Phibippar U, Roussos BT, Orer M, Yamagoueh H, Kiot HE) Giampieri S, Wang Y., Goswanu 5, Wyekoft
B, Lauffenburger DA wr ¢lr A Mena invasion isoform potentiates EGF-nduced carcinoma cell
invasion and metastasis,. Developmenral cofl 2008, 15(6):813-828). mass-spectrometry  hased
protean fevels (Lin NQ, Sting! €, Look MP, Smid M, Braskman RB, De Marchi T, Sieuwerts AM,
Span PN, Sweep FC., Linderholm BK ef «f; Comparative profeeme analysis revealing an 1l-protein
signatare for aggressive triple-negative breast cancer. Jowrnal of the Nutional Concer Instituge 28314,
0602 ndji3 7)., image analysiy of cell-sivomal interactions within the tumor (Robinson BD, Sica
GL, Liu YF, Rohan TE, Gertler FB, Condeelix IS, Jones JG: Tumor micrsenvironment of metastasiy
in human breast carcinoma: a potential prognostic marker Hanked to homatogenous dissemination,
Clinicad cancer research © ow fficial jfournal of the Dmevivan Association for Cancer Research 2009,
13(71:2433-2441), and various other techniques. These techniques provide insights into
neoplastic cell Amction, however, imphicit in Steven Paget’s “Seed and Soil™ hypothesis 1s the
idea that metastasis involves interactions between tumor cells and their microenvironment
(Paget S: The Distribution of Secondary Grewths in Caneer of the Breast. The Lancer 1889,
133{34212871-573). Therefore, we have explored the possibility that the tumor extraceliular
matrix, specifically collagen structure guaniificd with second harmonic generation pHCrosCopy,

may provide additional information on twmor metastatic abitity,

SHG is an intrinsic optical sigual in which {we incoming photons scatter oft of material,
producing one emission photon of half the incoming wavelength (Figuwre 1) In tumors, SHG is
senerated by {beillar collagen and iy sensitive to the miferoscopic strocture of the seattering
material. Hence SHO emission directionality s sensitive o the diameter of the fibrils that ave
hundled into collagen fibers, as well as their spacing within the fiber, and the disorder i their
packing (Han X, Burke RM, Zettel ML, Tang P, Brown EB: Second harmonic properties of

tamor collagen: determining the structural velationship between reactive stroma and
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healthy stroma. Opficy expresy 2008, 16{3):1846-1859, Lacomb R, Nadiarnykh O,
Townsend 88, Campagnola PI Phase Matching eonsiderations in Second Harmonic
Greneration from tissues: Effects on emission directionality, conversion efficiency and
observed morphology. Opticy commumications 2008, 28T 1823-1832, Williams RM, Zipfel
WR, Webbh WW.! Interpreting second-harmonic generation images of collagen 1 fibrils.
Bioplysical fournal 2005, 88(211377-1386). The ratio of the forvard-emitted to backward-
emitted SHG (where “Torward™ is the direetion of the incidem excitation laser) is known ag the
F/B ratic and 18 sensitive to these structural properties of collagen fibers (Figure 1), We have
shown that the avergge B of patient biopsy samples can differentinte healthy and bregst tumor
fissue, and changes with tumeor grade and stage {Perry SW. Schuoeckier IV, Burke K, Arcun
GL., Brown EB: Stromal matrix metalloprotease~-13 knockout alters Collagen 1 structure at
the tumor-host interface and increases lung metastasis of CSTBL/6 syngeneic E0771
nammary tumor cells. BYWC cgmeer 2013, 13:411) Smce SHG 15 an intripsic optical
siguature, meastwements of /B can be performed on typical pathology shides without
additional contrast reagemts. Furthermore, determipation of the average F/B m a sample
mvolves enly & straghtforward, avtomated application of pixel intensity analvsis that does not
require a tramed observer. Therefore F/B analysis s an atfractive candidate to apply o the
prediction of tumor aggressiveness, Here we show that the natural log of the F/B can prediet
MES in ER+, LNN breast cancer patienis. In a small subset of breast cancer patienis treated
with tamoxifen in a recurrent setting, the natural log of the F/B is also foand to be associated
with shorter FFS. We further show that F/B was related to OS5 in stage | colorectal
adenocarcinoma, polating to the possibility that collagen structure, as reported on by F/B, and

tumor metastatic capacity are Hnked in both tumor tvpes,

Methods
Puatrent Samplex

Three-hondred and forty-four buman breast tumor samples were used from a collection at
the Frasmus Medical Center (Rotterdam, Netherlands), which were primartly from one breast
cancer penetic expresstion study (Wang Y, Kiijn 3G, Zhang Y, Sicewerts AM, Look MP, Yang F,
Talantov D, Tinmermans M, Meljer-van Gelder ME, Yo 3 o1 ol Gene-expression profiles to predict
distant metasiasic of Ymph-node-negative primary breast cancer. Lopicer 2005, 365(04601:671-679
and later supplemented by 58 additional ER- samples (Yu §X, Sieawerts AM, Zhang Y, Martens

JW, Smid M, Klijn G, Wang Y, Foekens TA: Pathway analysis of gene signatures predicting
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metastasis of node-negative primary breast cancer. B cancer 2007, 7:182). These fresh-frozen
tissues were initially processed for microarray analysis, and were wt a later stage processed for
welusion on a fssue-microaray (TMA)Y In cases where formalin-fixed pami fin embedded
tissues were avadable ag well. Inigal sample scquisiion was approved by the medical athics
conunitice {number 02-953) and condocied in accordance with the code of condoct of
Federation of Medical Seientific Secieties in the Netherlands (www, fnnwv.nl ). All patients wers
ENN and had not been weated with neoadjuvart nor adjuvant thevapy. This allowed for the
study of the natural course of the discase and pure tumor aggressiveness, without potentially
being confounded by systemic therapy, Some patients received radiation therapy, which has
been shown not to atfect distani melastases (Effects of Radiotherapy and Surgery in Early Breast
Cancer — An Overview of the Randomized Trials, New England Jowrnal of Medicine 1995,
I3J2Tx 1444-1456), owr main focus of this study. The median patient age was 52 vears, Follow-
up data was recorded every 3 mounths for 2 vears, every ¢ months for vears 3-5, and every 12
months afterwards, All samples were collected 1o triplicate as 3 wm thick, 0.5 mm diameter core
Hssue samples and mounted as TMA slides, in which the uniform tumor presence was verified
by hematoxylin and eosin (H&E) staining. Note that the presence of H&R staining does not
affect the reported F/B (Lacomb R, Nadiamykh O, Townsend §8, Campagnola PJ: Phase Maiching
considerations in Second Harmonic Generation from tissues: Effects on entission directionality,
conversion efficiency and ohserved morphology. Opticy conppunicaiions 2008, 2887 1833-1831) .
Patients  were  fested  for ER  and  propesterone  receptor (PR} status  using
immunobistochemistry, where the cutoff for receptor positivity was 1% positive fumor cells.

Bloom and Richardson grade and HER2 status data were assessed as deseribed (Lin NQ. De
Marchi T, Tunmermans AM, Beeklnd' R, Trapman-lansen AM, Fockens R, Look MP, van Deurzen OH,
Span PN, Sweep FO ef of Ferritin heavy chain in triple negative breast cancer: a favorable
proenostic marker that relatey to a cluster of differentintion & positive {TD8+) effector Tocell
response. Molecwlar & cellulor proteomics © MCP 2014, 13(7)1814-1827) and were available as
well for the tissues included in the TMAL Intotal, 221 TMA-cages were eligible for analysis of

F/B ratio, of which 125 were BERA and 96 were BER-

Stage 1 colorectal adenocarcinoma samplos were purchased from the Yale tissue pathology
{YTMA-S, New Haven Conpecticut). Samples were processed as TMA with one § pm thick,
0.5 mm digmeter sample per patient, unstained, from within the primary tumor, Samples were
collected trom T970-1982 wath up to 31 years of follow-up data, resuliing 1o a total of 69 stage |

primary coloreetal tumors, Lung adenocarcinoma samples were acquired at the University of
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Michigan, providing a total of 55 stage | long adenocarcinoma cases (Beer DG, Kardia SLR,
Huang C-C, Giordano T Levin AM, Misek DE, Lin L. Chen G, Ghantb TG, Thomas DG e of: Gener
expression profiles predict survival of patienty with lung adenvcarcinoma. Netwre medicine 2002,
8(8):816-824). Tissue was collected between 1994-2000 with the consent of the patient and
approval from the local Institutional Review Board, Al patients underwent the same trestiment,
surgieal resection with intra-thoracic nodal sampling, The lung adenccarcinoma samples were
provided as a 5 um thick section through the full diameter of the tssue, Analvsigs of H&E
stained samples by a trained clinical pathologist was used 10 ensure Images were taken within

the tumor proper.

Inuging

The method for determining F/B of a thin tissue sample has been previousty deserthed [171L
Briefly, SHG imaging was performed on an Olympus BX61TWT upright microscope. A Spectra
Physics MaiTai Ti:Sapphire laser {eivcularly polarized, 810 nm, 100 f5 pulses at 80 MHz) was
divected through an Olympus Flooview FV300 scanner. This was focused through an Olvaopus
UMPLFL2OXW water-immersion fens (20, 0.95 NA). which subsequently captured backward
propagating SHG signal. This SHG signal was sepavated from the excitation beam using a 670
am dichroie wirror, fillered using a 405 am filter (HQ405/30m-2P, Chroma, Reckingham,
Vermont), and collected by a photomubltipher tube (Hamamatsu HCI23-02). The forward
scatterad SHG was collected through an Olyvrupus 08 NA condenser, reflected by a 565 am
dichrote murvor {365 DOSX, Chroma, Rockinghan, Vermont) to remove excitatton hght,
filiered by a 403 mm filter (HQ40530m-2P, Chroma, Rockingham, V1) and captured by
photomuliiplier tbe (Hamamatsa HC125.02). During acquisition of the daily calibration
sample, a dilute fluorescein isothioeyanate (FITC) solution, a 33540 filter (33540m-2P,
Chroma, Rockingham, VT) replaced the 405 nm filters. Forward- and backward-scatfered SHG
images were simultancousty collected as a stack of 11 images spaced 3 pa apart, with a 660 um
field of view. Imaging conducted on TMA slides of H&E stained, 0.5 mm diameter breast
cancer and colon cancer samples permitted one image stack at the center of cach sample. For
the larger (approximately 3 cm wide) lung cancer samples, 3 locations were chosen randomly in

cach sample and the 3 resultant F/B values {see below) were averaged.
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Image Analysis

fmage analysis was condueted with Imaged {Schoeider CAL Rashand WS, Fliceirt KW: NIH
Tmage to Imaged: 25 years of image analysis. Nwtore nethods 2012, 9(7x671-6753 Tissue seetions
were § um thick, comparable to the axial resolution of the SHG images, hence there way
effectively a single layer of collagen in each sample, “auto-focused”™ with a maximum tdensity
projection of both the forward and backward image stacks. This produced a single image pair
{forward scattered SHG “F”, and backwards scattered SHG “B™) for each imaged location. A
maximum wtensity projection of an 11 image scan taken with a closed microscope shatler wag
ased 1o determine the background neise of the imaging systom, which was then subtracied from
each image. A conunon threshold (40 out of & maximum possible pixel count of 4093 aw) was
indtially determined by a blinded observer viewing ~30 image pairs and choosing the threshold
thad best distinguished pixels within fibers from those m the background, This single threshold
was applied © cach image to identify pixels within fibers by creating a pair of masks (one for F,
one for B, n which all of the pixels above threshold were sef to 1, and all of the pixels below
threshold were set to zero. These masks were multiplied to create one “forward X backward
mask”™ whose pixels were egual to | only when they were egnal to 1 i both the forward and
backward masks. The backgronnd subfracted F and B images were divided to prodoce an F/B
tmage of the sample, which was multiplied by the *forward x backward mask™, and the average

vahue of all nonzero pixels yielded the sample’s average F/B (Figare 13,

Day-to-day vartations in optical alignments were normalized by imaging & standard solution
of FITC daily and applving a normalization factor for each detector pathway that rendered the

signal from the standard PITC sample constant over time.

poc

Statistios

STATA, refease 13 (StataCorp, Texas, USA)Y and Prism 5 software {(GraphPad, La Jolla, CA)
was used for statistical analysis, MPS was defined as the date of confirmation of a distant
metastasis after symptoms reported by the paticnt, detection of clinical signs, or at regular
follow-up. O8N was defined as time until death, any cause, while patients who died withowt

evidence aof discase were censored at their last follow-up time,
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PIS was defined as the Gme from start of tamoxifen freatment wtil a second hne of
treatment was needed, or until death. The relationship between the natural log of the F/B and
survival rate was assessed using the Kaplan-Meier method and evaluated using the log-rank test
for trend. Multivariste Cox propertional hazard analysis was applied to evaluate the prognostic
value of the natural log of the F/B, age, menopausal status, tumor size, tumor grade, ER, PgR
and HERZ status. Differences were considered statistically significant when the 2-stded p-value

way below 0.45.

Results
FoB and Relarionship with Patient and Domor Characieristics

The median natural log of the F/B of and mterquartile range in all tumors was 2.228
{0.416) {Table 1}. The natural log of the F/B was not significantly associated with the age or
menopausal status of the patient, There were also no signtficant correlations with tumor size,
wmer grade, and HER2 status. In contrast. compared with steroid hormone-positive tumors,
F/B was higher in ER- (p < 0.001) and PaR-negative tumors (p = 0,003). respectively {Table

1.

Merastasis-Free Survival in Breast Coaneer Fatients

Univariate analysts of the natural log of the primary fumor F/B showed no statistically
significant relationship between F/R and the length of MFS (Mazard Ratio, HR = 0.706; 953%
confidence interval, €1 0351 - 1422; p = (L.330) within the combined (ER+ and ER-} sample
set, Because mechanisms of breast tumor progression varies based on ER status, and becsuse
ER+ and ER~ tumeors are biologically very different tumors (Gruvberger 8, Ringner M, Chen
Y., Panavally S, Saal LH, Borg A, Ferne M. Peterson €, Meltzer PS: Estrogen receptor statug
in breast cancer is assoctated with remarkebly distinct gene expression patteras, Cancer
research 2001, 61{16):5979-3984, Anderson WF, Chu KC, Chatterjee N, Brawley Q. Brinton
LA Tumor variants by hormone receplor expression in white patients with node-negative
breast cancer from the surveillance, epidensiology, and end vesulty database. Jownad of
clinical oncalagy © afficial jowrnal of the American Society of Clinical Oncology 2001,
191 18-27), we then analywed the prognostic value of F/B status i ER subgroups separately.

Within the ERY subgroup, in Cox regression analysis using F/B as a conlimuous vanable there
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was a statistically significant relationship between the patgral log of the primary tumor F/'B and
MES (HR = 0.23; 93% 1 0.08 < 0.65; p = 0.005) (Table 2), but within the ER- population the
refationship was not statistically significant (MR = 2.72; 95% C1 0.8104 - 9.173; p = (L105)
The ER+, INN patient samples were then divided into four equad quarters consisting of a high
natural log of the F/B {above 2.3584: (4}, a low natural log of the F/B (below 1,954, Q1) and 2
mid-range F/B categories (range 1.954.2.168: Q2. and 2.168-2.354: (33, and plotted in a
Eaplan Meier ¢urve (Figure 2a). Patents with twnors with low F/B (Q1) showed the worst
MES, while those with high FB (Q4) showed the best MEFS. The 2-mid range categories (Q2
and Q3F) showed an intermediaie MFS (ogrank trend p = 0.004) In Cox multivariate regression
analvsis for MES wm ER+ patients, corrected for the traditional prognostic factors age,
menepausal status of the patient, ftmor stze, tamor grade, PeR, and HERZ status, an increasing
aatural log of the F/B was significantly associated with longer MES (HR = .16; 95% CHO.05 -

055 p=0.004) {Table 2).

Cherall Suevival fa Breast Caneer Fatienty

Next we tested whether F'B of the primary tumor was also significantly refated 1o O8 in the
ER+, ENN group of patients. Univariate Cox repression analysis showed that the natural log of
primary tumor FA3 was borderling statistically significantly related {0 O8 (HR = 0.34; 98% (1
001 — 103 p = Q057) A logrank test for trend analysis of Kaplan Meter curves with BB
divided o Q1-Q4 shows a sigmificant relationship between mcreasing nataral log of the
primary tumor F/B and longer OS (Figure 2b, p = 0.03). A multivariste Cox analysis of this
data showed that the natural log of the F/B ratio, when corvecied for traditional prognostic
factors, was borderline signihcantly related t0 OS (HR = 028 95% C1 007 — 1.10; p = 0.068)
{Table 3).

Tamoxifen treatsment

The previous studies were conducted in untreated patients in opder to analyze the
refationship between F/B of the primary tumor and tomor aggressiveness and pure prognosis, A
subset of these patients did metastasize 1o a distant site and were then reated with tamoxifen ag
first-line monotherapy. Theretore we evaloated this subset of ER+ breast cancer patients to

deternsine whether F/B of the primary tumor was significantly wlated o PFS after start of
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therapy for recurrent discase. The hazard ratio of the vatoral log of the natwral log of the
primary tumor FB owas 339 {95% C 122 « 937; p=0.019) and the logrank test for trend
analysis of Kaplan Meler curves in equal quarters showed a significant rf:la:iim}ship (p = (LG2}
berween primary umor BB and PFS (Figure 33 Inderestingly, the trend in PES (e lower
primary tumor FB was associated with slower disease progression) was found to be the
opposite of that observed In MES and OF in the wntreated ER+ patients (Lo, lower primary

tumor F/B was associated with shorter MUFS and OS tmes).

Orverall survival as o function of F/B fa other solid ramor types

Based on the significant relationships rovealed in the breast cancor samples, we investigated
colorectal and lung adenoccarcinoms, other solid tumor types in which fumor cell/matrix
interactions may significamtly affect metastasis, Similar to BR+, LNN breast cancer patients,
stage 1 colorectal and lung adenocgrainoma e a subset of patients where there is a clinical
need to assisf the physician in deciding the appropriate level of treatment for the patient. In
stage | colorectal adenccarcinoma there was a f;igﬁiﬁ. cant 'reim,iomi'zip hetween the F/B of the
associated with longer O8) was the opposite of the trend observed in the nntreated ER+, LNN
breast cancer samples, suggesting a different mechanistic refationship between metastasis and
collagen fiber microstructure. In contrast, stage | lung adenocarcinoma showed no sigaificant
relationstap between the F/B of the privaary tumor and OS (Figure 4b). This suggests that not
all solid tumors undergoing metastasts elicit identical collagen restructuring or ntilize identical
mechanisms relating melastatic ability and collagen wmicrostructure.  [dentification of these
mechanisms through experimentation is imporiant iy order to apply the methods of the present

invention 1o other solid tanoes.

Currently the BER3, LNN breast cancer population suffers from over-treatment as many
patients recetve chemolherapy even though metastatic disease never would have arisen. As
such, there is a pressing need 1o improve chinicians” ability to predict which tumors are fikely to
metastasize m this population. Current methods to predict metastasis are “cell focused”, using
quantification of gene and protein expression levels, or cellular maorphology and cell-cell

nteractions {(Parker JS. Muolhns M, Cheang MO, Leung 8, Voduae D, Vickery T, Davies S,
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Fauron €, He X, Hu Z ¢ of: Supervised risk predictor of breast cancer based on infrinsic
subtvpes. Jowrnal of cfinical oncology @ official jowrnal of the American Sociery of Clinical
Ceology 2009, 27(81160-1167, Filipits M. Rodas M, Jakesz R, Dubsky P, Fitzal F, Singer
CF, Dictze O, Gretdl R, Ielen A, Sevelda P or ot A new maolecular predictor of distant
recurrence in ER~-positive, HER2-negative breast cancer adds independent information to
conventional clinfeal risk factors. Ciiicol caoncer research © an official fournal of the
American Azsecigtion fiv Cancer Researeh 2011, TTEER6012-6020, Ring BZ, Seiiz RS, Beck
R, Shasteen W Tarr SM, Cheang MC, Yoder Bl, Badd GT, Nielsen TQ, Hicks DG ef ol
Novel prognostic immunohistochemicsl biomarker panel for estrogen receptor-positive
hreast cancer. Journal of clinical oncology © official journal of the Awmerican Society of
Clinical Oncology 2000, 24(19):3039-3047. Lin NQ, Stingl €, Look MP, Smid M, Braakman
RB. De March T, Sreowerts AM, Span BN, Sweep FC, Lindetholm BK ¢ of: Comparative
proteome analysis revealing an 1l-protein signature for aggressive {riple-pegative breast
cancer. Jouenal of the Nationgl Cancer Tnstide 2004, 16(2):dit370) . However, the process of
metastasis is @ complex interplay botween tumor cells and thelr microenvironment. including
the extracellolar matvix (Helleman L Jansen MP, Ruigrok-Ritstior K, van Staveven 1L, Look
MP, Meger-van Gelder ME, Sieuwerts AM, Klgn JG. Sleijfer S, Fockens A ef . Association
of an extracellular mafrix gene claster with breast cancer prognesis and endocrine
therapy response. Clinical cancer reegrehr & an official jeyrnal of the dmerican dssociation
Jor Concer Resecreh 2008, 14(17315555-5564. Joyce JA, Pollard JW: Microenvironmental
regulation of metastasis. Nanwe reviews Cancer 2009, 92392523, Therefore we explored
the proguostic ability of a “matrix focused™ measarement, the SHG F/B of the primary tamaor,
Studies demonstrating that SHG imaging can differentiate healthy and tumor tissue in
ovarian (Nadiarnvkh O, LaComb RB, Brewer MA, Campagnola BS: Alterations of the extraceliunlar
sutirix in ovarian cancer studied by Second Harmonic Generation imaging microscopy. B4
cancer 2010, 10:94), basal cell Yin 8J, Jee SHL Kuo CJ, Wu RY, Lin WO, Chen IS, Liao YH, Hse C4,
Tsat TF, Chen YF ¢ aft Discrimination of basal cell carcinoma from normal dermal siroma by
quantitative multiphofon imaging, Optics legers 2006, 31(1812756-2758), and pulmonary cancers
{Waag CC, Li FC. Wu R, Hovhammsyan VA, Lin WC, Lin 84, S PT, Dong CY Differentiation of
normal and cancerous lung tissues by multiphoton isaging. Jownal of Momedical aptics 2009,
1440440343, establish two useful aspects of SHG: it is an intrinsic signal that does not require
additional processing of tissue, and, If used 0 quantify intensity bol not worphology, the

analvsis i3 antomatable and does not require a tradned technician. We recently applied this
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methodology in breast cancer, demonstrating that the stmple intensity-based SHG FB s
significantly different amongst different breast tumaor types (Perry SW, Schueckler IM, Burke K,
Arcurt GL, Brows FR: Sironsal maafrix 1Iletall:);}r(}tease~13~ knockout atters Collagen ¥ structure at
the mor-host Interface and increases hung metastasis of C37BL/G svagencie EO771 mammary
twmor cells, BUC capwer 2013, 13:411) In the current work, we demonstrate that F/B analysis of
the primary tamor 1 8 progaostic indicator in the ER+, LNN population. Unlike the ER- or
ER+ node-posifive patisnts, in which adjuvant chemotherapy is universally applied, the choics
of whether or not 1o prescribe adjuvant chemotherapy for ER+, LNN patients 5 not easily
apparent. Hence this i3 a population with o significant over-treatment problem requiring
mproved prognostic indicators, Qur results soggest that SHG F/B from the primary tumor
spectmen may offer insight into eventual metastatic cutcome of the patient and thas may help
reduce over-treatment. Corrently, predicting the tme (0 metastasis in this population
primartly facilifated by histopathology and by genetic screens. These genetic screens quantify
gene expression i cells within the tumor, including both the tumor and stromal cells. The
SHG-based method demonstrated here may be highly complementary to those genetic sereens,
as it derives s information from the structure of the extracellular matrix in the primary tumor,
rather than from the tumor cells themselves, SHG imaging bas been used previously to predict
hreast cancer sarvival times, however these stndies focused on analysis of mworphological
information from collagen bmages, reguiring trained pathologists to scorve the orientation of
collagen fibers in images (Conklin MW, Eickhoff JC. Riching KM, Pehike CA, Fliceist KW,
Provenzano PP, Friedi A, Keely P Aligned collagen ix 2 prognuostic signature for sarvival in human
breast carcinoms. The dmerican jorrnal of pathology 2001 1783 11221-1232), Furthermore, the
wajority of that samuple population was hymph node positive, while our study tocuses on the
LNN population, in which the key decision on adjuvant chemotherapy must be made and for

whomt the risk of over-treatment is high.

Based on the important role that tamoxifen plays as & trealment in almost all ER+ breast
cancer patients, alter identifving the significant relationship between the natwrdd log of the F/B
and patient outcome in unircated patients, we were imerested in exploring the prognostie
capability of the F/B to determine the effects of tamoxifen on patients with recurrent fumors.
Our results revealed that the F/B as measwred on the primary tumor was prognostic of PES after
patients who developed a metastasis at a distant site were treated with tamoexifen. Interestingly,
the actual relationship between F/B and outvome displayed & trend that was opposite to that in

the MFS and O8 findings from untreated ER+ patieniss In tamoxifen treated recurrent ER+



WO 2015/157337 ' PCT/US2015/024783

patienis a high F/B was associaied with a faster rate of progression, whereas in unireated ER+
patients a high F/B was associated with improved MEFS and O8. Tamoxifen s an ER antagonist,
indicating this contrast botween tamoxifen teated ER+ tumors and untreated ER+ tumors could
be due 1o the roles of ER in tumor progression. To explain this pattern of relationships between
recurrence and F/AB in ER+ tamoxifen treated tumors, as opposed o antreated ER+ tumors, we
theretore hypothesize that differences in primary tumor collagen microstracture may indicate
differences in the mechanism by which tumor cells spread, which has the effect of altering
susceptibility to later treatment. In an ER+ primary tumor with a low F/B, cells spread into
asculsture and to secondary locations. and upon tamoxifen adminisgation these secondary
fumors are effectively treated. In an BER+ pramary tumor with a high F/B ratio, tumor cells
metasiasize via different mechamsns which decrease the tumor coll sensitivity o tamoxilen

fraatment.

The results demonstrating another significant relationship between F/B of the primary
wmor and 085, i stage | colorectal adenocarcinoma, indicate that the mechanisms relating
metastasis to collagen microstructure may be similar between breast cancer and other solid
tumors. Analyzing collagen structure i colorectal adenocarcinomas may thus aid in predicting
the OS rates in patients, consequently helping to determine which patients may be able to avoid
over-treatment with chemotherapy in that tumor type as welll The fact that the primary tumor
F/B was not predictive of metastagis in stage 1 lung adenocarcinoma provides support for the
idea that multiple mechanisms of tumor metastasiz may axist, Invelving differential imterplay

between tumor celly and nurix mucrostructure, These altermative mechanisms could be the

result of different levels of fibrous ssug in the tissues of origin, (e.g. collagen density is high in
hreast and colon but not in lung fissue). In the future 3t may therefore be heneficial to
imvestizgate the relationship between primary tumor F/B and metastatic outcome in other solid

tumors that are typieally characterized as move fibrous, such as pancreatic cancer.

In summary, we have identified the F/B, a simple and easily avtomated, intensity-hased
measurement as an independent prognostic indicator of metastatic ontcome in ER+ LNN breast
eancer patients. Furthermore, escaped tumor cells with a low F/B & the primary site show g
better responsiveness to tamoxifen treatment of the recurrence, indicating a possible mechanism
by which collagen structure at the primary site affects sensitivity to treattnent. The primary
wmor F/B is also prognostic in stage 1 colon adenocarcinoma, suggesting this assav may be

useful o muodiiple types of selid tumors, By imaging the tumor “soil” this method provides
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information complementary {o that offered by carrent cell-focused lechniques, and therefore in
combination with those methods may improve prediction of recurrence and hence reduce over-

freatiment.

Table 1@ Log F/B ratic and association with breast eancer patient and tamor
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Table 2: Cox univariate and multivariate regression analysis for MFES in 123 ER+ patients
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Table 3: Cox nuivariate and multivariate regression analysis for OF in 125 ER+ patients
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Figure 1 depicts methodology diagrams, where A, 1s a depiction of the forward- and backward-
propagating SHG signal, Red excitation light is focused into the sample by objective lens 1,
then SHHG 18 emtited i the backwards dircetion {towards lens 1) or the forward direction
{towards lens 2). B A flowchart of the methodology used to analyze SHG images and calculate

the F/B ratio. €. An P/B image of one patient saraple. Scale bar is S0 microns.

Figare 2 depicls Metastasis-free (a) and overall sarvival (b) as a function of F/B in ER+, LNN
breast gancer. The pationts are divided in four equal quarters {Q1-Q4) based on thelr F'B tumor

fevel, Pabients at risk at varions e points ave indicated.

Figure 3 depiets progression-free survival as a function of F/B in ER< recurrent breast cancer
patients treated with tamoxifen. The patients are divided in four cqual quarters (Q1-Q4) based

on their F/B tumor level. Patfents at risk at various time points are indicated.

Figure 4 depicts overall survival of additional solid tomors as g function of F/B ratio. Overall
survival i stage 1 colorectal adenocarcimoma (/) is significantly related o F/B of the primary
tumaor (= 0.033 B of Slage 1 hng adenccarcinoma v not sigmificantly related to Q8 {p =
{153}, The blue Hine is Group 1 has the lowest F/B and the brows line is Group 4 has the highest

F/83 ratio. Patients at risk at various time points are indicated.
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EXAMPLE 2- PREDICTION OF FATAL LUNG FIBROSIS

Rationale: It is not undersiood why some pulmonary {ibroses such as crypilogenic
organizing pnoumania (COP} weapond well o treatment, while others like usual Interstitial
essentially equivalent 1o cach other) do not. UIP and IPF being essentially cguivalent for the
purposes of the disclosure provided herein. Ineressed wnderstanding of the structore and
function of the matrix n this arca is oritical to unproving cur understanding of the biclogy of
these discases and developing novel therapies. The abifity to differentiate bebween lung Hbroses
that respond well to therapies and others that are intractable using the methods of the presemt
invention as described herein has profound implications for clinieal approaches o treatinent and

patient care.

Objectives: Provide new insights into the underlying collagen- and matrix-related

biologted] mechantsms driving COP versus ULP,
£~

Methoeds: Two-photon second harmonic generation (SHG) and exciigtion fluorescence
microscopies were used o imterrogate and guantify differences between indrinsic fibrillar

collagen and elastin matrix signals in healthy, COP, and UIP lang.

Measurements and Main Results: Collagen microstracture was different in UIP versus

healthy lung, but not in COP versus healthy, as indicated by the ratio of forward-to-backward

propagating SHG signal (Fsno/Bsia). This collagen microstructure as assessed by FaunBsno
way alse different in arcas with preserved alveolar architecture adjacent to LIP fibrotic lesions
versus healthy lung. Fibrosis was evidenced by increased coll and col3 content m COP and UIP
versus healthy, with highest col Lol ratio in UIP. Evidence of elastin breakdown (1. reduced
mature elastin fiber content), and inereased collagenimatare elastin ratios, were seen in COP

and VTP versus bealthy,

Conclusions: Pibrillar collagen™s subwesolution strueture {Le. “microstructure™) i3
altered in UIP versus COP and healthy lung, which may provide novel insights into the
binlogical reasons why unlike COP, ULP is resistant to therapies, and demonsteates the ability of

=SHG microscopy o potentially distinguish treatable versus intractable pulmonary fibroses.
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INTRODUCTION
Pulmonary fibrosis is characterized by sccumulstion of exiracellular matrix (ECM)

proteins in lung tssue. The mechanisms leading to pathologic (or non pathologic) accumulation
amd organization of matrix proteins remam poorly undersiood. Although we have some insight
into the composition, structurs and/or organization of the matrix, many properties of the matrix
renwin uninvestigated. Nuomerous mateiy proteins Bikely contribute to organ dysfonction in
pulmonary {thwosis, however, we are only beginping 0 understand how homeostasis and

organization of these proteins tmpact cellular fonction.

Collagen, produced and organized mainly by fibroblasts and scar-forming myofibroblasts, i
one of the most abundantly studied matrix profins. At least twenty-eight difforemt collagen
subtypes have been desceribed fo date. All collagen species contain tiwee alpha pepiide
sequences forming & wipke helix, Collagen type is determined by the tvpe(s) of alpha peptides
and post iranslational modifications. hydroxylation, andéor glycosylation, Further modification
of collagen structure ovcurs after release into the extracellular space. Here, crosslinking and
joining of the helices cccur 1o form collagen fibrils and larger collagen fbers, and fibrosis
{aherrant excess deposition of collagen) may occur. The fibril-forming collagens include
collagen types 1-3, 3, 1, 24, and 27 { Shoulders MDD, Rames RT. Collagen structure and
stability. Amine Rev Bloches: 2009 78:929-938.), and af least several of these fibnllar collagens
{FCs) such as types L 1L and V are key plavers in lung fibroses ncluding usual interstitial
pcamonia (LHPY and cryptogenic orgamizing pneamonia (COPY  { Cordier JF. Cryplogenic
organising pnewmowia. The Ewropean respiratory journal o official jowrnal of the Ewropean
Society for Clinical  Respivatory  Physiology  200628:422-446. Cottie V, Cordier JF.

Cryplogenic organizing poeumoma, Semisaey in respiraieony and critical care medicine

2002:35:462-475, Parra ER, Teodoro WR, Velosa AP, de Olivers CC. Yoshinmi NH,
Capelozat VLo Interstitial and vascular type v collagon morphologic disorganization in usual

interstitil prevmonda. The jowrnal of histochemistry and cytochemisivy © officied jenvnal of the
Histochendsiry Society 2006:534:1313-1323, Parra ER, Kairalla RA, de Carvalho CR, Capelozai
VI, Abunormgd deposition of collagenfelastic vascular fibres and prognostic significance
idiopathic interstitial pneumonias. Thorax 2007:62:428-437.). These FCs are also uniquely

detectable by Second Hanmonic Generation (SHG) Microscopy (SHGM) (details below).
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Pulmonary fibwosis results from accumudation of fibroblasts, scar-forming myotibroblasts, and
extracellnlar matrix proteins including collagen, and leads to irreversible loss of tung function.
It can be caused by various factors including toxins, radiation exposure, autoimmune disorders,
and nfection. Idiopathic Pulmonary Fibrosis (JPF) ig a severe form of fibrotic: lung disease that
can progress to respiratory fatlure and has a prognosis worse than lung cancer, There are
currently fow effective therapies. UHP is the histopathology underlying IPF and is characterized
by heterogenelty of disease and accumulation of fibroblast foet and collagen with an emphasis
on collagen type I {coll) over type T (col3) (Cordier JF. Cryptogenic organising pnewmonia,
The Ewopean respirasory fownad  officiad jowrnal of the Ewropean Society for Clinical
Respivatory Fhysinloey 200028:422-446, Parra ER, Teodorg WR, Velosa AP, de Ohiveira CC,
Yoshinari NH, Capelozzi VL. Interstitial and vascudar tvpe v collagen  morphologic
disorganization in veual interstitial ppeamonia. The fowrnal of histochemiztry and cytochemistry
> offickd fournad of the Histochemistry Seeiety 2006:54:1315-1325.) .and abnormalities in other
matrix molecules including elastin (Parn BER. Kairalla RA, de Carvalho CR, Capelozat VL.
Abnormal  deposition of collagenfelastic vascular fibres and prognostic significance in

wiopathic interstitial preamonias. Thorax 2007,62:428-437).

IPF s one of many diseases assoctated with significant collagen and other matrix
protein gccumulation. It is the most commaon of the idiopathic interstitial prnewmonias, s
mereastig i prevalence, and it 1y a progressive disease that causes signthicant morbidity and
mortality, The median duration of survival from the time of diagnosis is only 2.9 vears ¢
Nadrous HE, Ryu JH, Douglas WW, Decker PA, Olson EJ. Impact of angiotensin-converting
enzyme inhibitors and statins on survival in idiopathic pulmonary fbrosis. Chest 2004:126:438-
446.}. There are currently fow effective FDA approved treatments for IPE, making research into

[PF pathogenesis critical.

o

COP is ancther of the more commeon types of fibrotic lung discases, It 18 also
characterized by accumulation of matrix components resuliing in organized areas of granulation
tissue in the lung. Components of this pathologic matix avcumulation in COP include coll and
eald (with an emphasis on col3 over coll, in contrast to UIP), Gbronectin, and proteoglvean
{Cordier JE. Cryptogenic organising pneumonia. The European respiratory jowraad @ official
Jowraal of the Ewopean Seciety for Clindeal Respiratory Physiology 2006:28:422-446. Cottin
V., Cordier JF. Crvptogenic organizing preumonia. Semingrs in respivatory aud oritival care

medivine 2013.33:462-473),  In stark contrast to UIP, COP is a {reatable discase with most
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cases vesponding o corticosteroids. Although the matrix components of UIP and COP have
some similarities, it s unknown why the excess matris in COP can be reabsorbed or cleared
after treatment with corticosterpids while the matrix o UIP is resistant {0 eatment and
resolution (Cordier JF. Cryptogenic organising pneumienia. The Ewropean respiratory journal ©

afficid fournal of the Furopean Society for Clinical Respiratory Physiology 2006,2R:422-446).

A growing body of Hiterature supports the rolos of matrix organization and structure as
maportant effectors of  fibrotic hung  disease. BECM components  have  mmportant
mechanohiological properties including the abilities to activate pro-fibrotic cytokines: regulate
cell trafficking: and medulate cell activation, prolifevation, survival and differentiation
{Tschumperlin D), Boudreault F, Lin F. Recent advances and now opportunities in hung
mechanobiclogy. J Blomwech 2010:43:99-107. Tschumperiin DI, Lin F, Tager AM
Biomechanical regolation of mesenchymal cell function. Currest opivion in rheumaiology
201325921000y The organization and strucivre of the BECM, including collagen, also helps
regntate avalability of and interactions with a large variety of cell-matrix binding sites critical

for controfling lung function. These findings further reinforee the notion that in biology.

structure 15 a key determinamt of fiswerion, Indeed, other data suggests that ECM stillness
vegudates key cellular activities that may contribute 1o IPF (Marinkovie A, Lin ¥, Tschumperlin
D Matrices of physiologic stifthess potently inactivaie idiopathic pulmonary  fibrosis
fibroblasts. dee J Respir Cell Mol Biol 2013:48:422-430), as well as endogenous hung function
{Suki B, Stamenovic D, Hubmayr R, Lung parenchymal mechanics. Comprehensive Physiology
2011:1:1317-1351). Hence. there is heightened interest in the content and structure of the
matrix, and how abnormal content and structure may impact lung pathophysiaiogy. ¥For these
reasons, we hypothesized that ditferences in BCM structure, and collagen wicrostructare in
particular, underlic the different satural histories, proguoses, aund responses to treatment of LHP

and COP.

To explore this question, we used SHOM to compare the matrix of UIP and COP to that of
healthy lung tissue, SHGM is a variamt of 2 photon (2P) microscopy that detects the FCs
without exogenons {abels, and can be used to interrogate changes in collagen’s macrostruciural
propertics (c.g. collagen fiber density, arrangement, and organization), as well as collagen™s
subresolution microstructural properties (e, the diameter, order versus disorder, andfor
packing density of collagen fibrily within lavger collagen fibers) {reference Perry SW, Burke

RM, Brown EB. Two-photon and second harmonie microscopy in clinical and translational
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cancer research. Amials of Blomedicd Eagineering 201240277291, Perry SW, Han X,
Brown EB. Second harmonic gencration in tnmors: Scatiering and polarization. In: Pavone FS,
Campagoola Pl editors. Second hammonic generation imaging. London, UK: Tavior and
Francig; 2012, Perry SW, Schueckler M, Burke K. Arcuri GL, Brown EB. Stromal matnx
metatioprotease-13 knockoat alters collagen 1 strocture at the tumor-host interface and increases
fung metastasis of ¢S7b16 gyngeneic <0771 mammary twmor cells. BYC Capcer 2013;13:41 1
Han X, Borke RM, Zettel ML, Tang P, Brown EB, Second harmornic properties of {umor
collagen: Determining the structural relationship between regetive droma and healthy stroma,
Gy Express 20081601846-185%, Lacomb R, Nadiarnykh O, Townsend S8, Campagnola PL
Phase matching considerafions in second barmonie generation from tisswes: Effects on emission
dircctionality, conversion efficioncy and ebserved morphalogy., Opr Comman 20082811823
1832, Merz J, Moresux L. Sccond hormonic generation by focused excitation of

inhomogencously distributed scatierers. fpricy Communications 2001,196:325-330).

These microstructural features of individual collagen Bibers, as they can influence SHG
directionality from that fiber (Le. Fsuo/Baegg, defined below), are herein collectively referred to
as collagen “microstructure,”™ fn this aspecr, SHGM is unigue in iis ability to interrogare
suhresolution structure of FCOs (eg coll and ool3) in intact and potenticlly live samplex
without exogennus fabels, abilities which also make SHGM an atrractive potential clinieal and
ivertigational diggnostic ool Thus this lechuique can wtibize wtringie properiies of matox
components 1o characterize the content and organization of the ECM in these fibrotic lung

diseases.

Using SHOM, berein we describe hporfant differences w watrix cootend and
organization in UIPJPE and COP compaied to bealthy tung tissee. Specifically, we found
differences in collagen’s subresolution structweal properties in LUIP compared to COP and
healthy lung as assessed by SHGM. Importantly, even adjacent normal UIP tissue exhibited
these differences in collagen microstrocture compared to healthy long, thus mtroducing the
compelling possibilities that altered collagen microstructure might lead 1o or correlate with
fibrosis in the relatively intraciable disease UIP, bal not in the wove treatable COP. We also
report different colbeol3 ratios in UIP versus COP and healthy lung tissue, and other evidence
suggests that aliered collwold ratios can drive {or perhaps be deiven by)y changes in FC
microstructure such as fibril dlameter, Finally, we show both UTP and COP have differences in

mature elastin fiber comtent, and clastincollagen ratio, suggesting that both fibrotic disease
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have identifving physiclogical differences in malrx structure suggestive of lung disease, but
only the less tractable disease, UIP, exhibits differences in onderlying collagen microstructure.
These results are nporiant because they provide new insights into the potential biological and
biastructural underpinnings of refractory versus “treatable™ lung fibvoses, with an emphasis on
subresolution collagen microstrocture, and demonstrate the potential of the various methods
deseribed herein as o powsrful pew tool for aiding in the diagnosis and treatment of lung

fibrosis,
METHODS

Histology and Dmmunohistochemistry: Paraflin embedded buan lung fissue sections were
obtained from the Department of Pathology using an RSRB approved protogel afier
pathological confirmation of either UIP or organizing poeumonia. Healthy lung tissue
speeimens were obtained from pon-smoker subjects who had a lung biopsy for a lesion that was
confirmed either benign or not primary lung cancer, from regrons adjacent {o the lesions that
did not contain any portion of the lesion. Hematoxylin-cosin (H&E) staining and
immunoehistochemistry for coll and cold were performed as previcusty described {Perry SW,
Schueckler 1M, Burke K, Arcurt GL., Brown EB. Stromal matrix metatioprotease~13 knockout
alters collagen 1 structure at the tumor-host interface and increases lung metastasis of o37bli6

syngeneic 0771 mammary tumor cells. BMWC Caneer 2013;13:41 1),

SHG Microscopy: Paraffin embedded human lung tissue sections for healthy, UIP and COP
were prepared as described above, sectioned, then imaged for forward (Fayng) and backward
{Bsug) SHG sigoals; coll and cold immmofluorescence (IF); and elastin autofluorescenee
{AF), using & costom-bull molii-photon microscope as previously desentbed (Perry SW,
Schueckler IM, Burke K, Arcuri GL, Brown EB. Stromal matrix metalloprotease-13 knockout
alters collagen 1 structure gt the tumor-host interface and incregses fang metastasis of ¢37bl/6
syngeneie U771 mamunary tumor cells. BMC Caneer 201343811, Dmages were captured,
then F/B SHG ratio (Fypo/Baue) data, coll and ol IF, or clastin AF, analyvzed and quantified

with Imaged as previousty described.

Siatistical Analvses: Al data are expressed as means +/~ SEM. A one way ANOVA was used
10 establish statistical significance using Graph Pad Prism software. Results were considered

sigunificant if p < 0,08,
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RESULTS

ibrillar collugen microstructure in the ECM i differemt in UIP, bt not COP, versus

healthy lung:

SHG in general 1s sensitive to changes i collagen micrestructore mncluding regularity or
ordering of collagen fibrils within larger collagen fibers; fibril compaction; and fibeil dameter,
tilt angle, or pitch angle. SHG s emitted both forwards and backwards {i.e. epi-directed) from
the SH -generating scaiterers in the focal volome, and the Fywo/Bgig ratio In particulwr is
primarity sensitive  the spatial extent of SHG-generating scatferers slong the optical axis, Le.
the effective diameter or packing srrangement/density/order versus disorder of collagen Hbrily
within the SHG fecal volume. Thercfore, 1o detenmine i a relatively infractabie lung fibrosis
such as UIP has a dilterent anderlying FC microstructure in the ECM versus g freatable Tung
fibrosis such as COP, or versus healthy lung, we uwsed SHGM to interrogaie the mean
FuoBsua ratio i the ECM of UIP, COP, and healthy long tssues. Intriguingly, we found this
Fouo/Bago ratio was significamly decreased UIP versus healthy lung, but unchanged in COP

versus healthy fung (Figure 3},

Figore 6 shows representative H&E staining (2A-C) matched io the same fields of view

for Fagn (2D-Fy for healthy, COP, and UIP respectively, and illustrates that the SHG signal

{white pixels, 2D-F) quantified from these lung tissues arises as expected chiefly from small
airways (vellow arrows) and parenchymal alveolar space in healthy lung QA and from

fibrotic collagen deposition (blue arrows) in COP (2B/E) and UIP (2C/F),

Together these results show that FC microstructure is altered in VTP but not in COP

versus healthy lung.

Lung tissue with preserved alveolar architecture adjacent to UIP fibrotic lesivns has different

Jibritlar collagen microstractare versas healthy lung

Next, we wondergd whether hung tissue adjacent fo UIP fibrotic lesions with preserved
alveolar architecture also had ditferent FC mierostructure versus healthy lung as measured by
Fann/Bana, which might sugpest the possibility of underlving collagen structural deficits that
comld predict or predispose development of UIP. {ndeed, bath fibrotie lesions and surrounding
normal appearing lung tissue showed differences in Fona/Bang ratio versus healthy lung tissue

(Figure 7). These resulls provide an exciting, previously umreported “hivst elance™ nto the
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hiologic anderpinnings of UIP as it relates to FC microstructure, and suggest the possikility that
pre-existing afterations in FC microstructure even in “normal” lung Hasue may foreshadow or

precipitate development of UIP,
Coll, Cnl3, and Coll/Col3 rativ differences in UIP versus COP and healthy Inng

Coll and col3 are implicated in the pathology of UIP and COP, and ax fibratic diseases,
call and col3 levels in THP and COP are anticipated to be higher compared o healthy lung.
Moreover, previous reports have suggested that coll is the primary collagen deposited In ULP,
whereas col3 assumes this role in COP {Cordier JF. Crypiogenic organising pneamonia. e
Ervropean vespivatory jorwaad  official jruraal of the European Society for Clinical Respiratory
Phvsiology 2000:28:422-446),  Importantly, relative coll and cold oxpression lovels can
interact 1o regulate aspects of collagen microstructure such as collagen fibril or fiber diameter
{Fleischinajer R, Perlish IS, Bu.rgessn RE, Shaikh-Bahal F, Timpl R, Type 1 and type il
collagen interactions during fibrillogenesis. dnn N ¥ dead Sei 1990.380:161-175.  Romanie
AM, Adachi E, Kadler KE, Hojima Y, Pmukup 31 Copolvmerization of pacollagen i and
collagen i Pocollagen il decreases the rate of incorporation of collagen 1 into fibrilg, the
amount of collagen 1 incorporated, and the diameter of the fibrils formed. The Jowraad of
hinlagical chemistry 1991;266:12703-12708.  Cameron G, Albents 1L, Laing JH, Wess T1L
Structure of type 1 and tvpe 1l heterotypic collagen fibrils: An x-ray difftaction study. J Struct

Biol 2002;137:15-22)

Conversely, by altering availability of fibroblast (or other effector cell type) binding sites on
collagen fibrils, changes in collagen’s subsesolution fibrl] microstructure may regulate relative
collagen expression levels. Therefore, we wished to determine how changes in Foua/Bsno ratio
{Figure §}, indicative of alfered collagen microstructure in hing ECM, corvespond with changes

in coll/eold deposition in UIP, COP, and healthy fang.

We found higher coll levels m both UIP and COP compared to healthy lung, with UIP
showing the highest coll levels versus COP and healihy (Figare 8A). Both UIP and COP had
similarly elevated cold levels versug healthy lung (Figare 8B} Overall, this resulted in relative
collicold ratios that were significantly elevated in UIP versus healthy controls, but not in COP
versus healthy controls (Figure 8C). Fipure 8D-F illustrate higher Col3 levels in COP (4E) and
U (4F) versos healthy (4D, as is shown in 4B. Together, these results demonstrate the

expected evidence of fibrosiz in both UIP and COP compared to healthy lung controls, and
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confirm previous observations of higher relative coll:cold deposition in UIP, versas mors
abundant eol3 over coll deposition in COP (Cordier JF. Cryptogenic organising preumonia.
The Buropean respivatory jouwraad © official journal of the Ewopean Society for Clinical
Respirarory Phwiology 2006:28:422-446).  These new resulis are particularly  intriguing
because UIP shows bodh a difference in FgoBsug (e FO microstructure) (Figure 5) and &
difference in coll:eold ratio (Figure BC) versus healthy lung, whereas COP shows seither a
difference in FyoBsug nor collieold ratio versus healthy lung, Together, these results suggest
a possible relationship between FC microstructure differences and altered coll:eol ratios in

intractable UIP fibrosis, but not in the more tregiment responsive COP fibresis,
Elastin and Elastin:Collagen ratios differ in ULP and COP versus healthy fung

In parallel with SHGM imaging, inirinsic tissue autoHuorescence representing
principally mature fung elastin can be captured simuliancously with SHEG (Zipfel WR, Willlams
RM, Christie R, Nikitin AY, Hyman BT, Webb WW, Live tissue intrinsic enussion microscopy
using multiphoton-excited native fluprescence and second harmonde generation. Proe Natf dead
Set U8 4 2003;100:7075-7080), to provide additional insights into how ECM structure and
organization may differ in UIP versus COP. Elastin is another ling ECM component that
interacts closely with collagen to regulate lung function {Abraham T, Hivota JA, Wadsworth S,
Kaight DAL Minimally invasive multiphoton and harmonic generation imaging of extracellular
matrix structores 1n lung alrway and related diseases, Pulnt Pharrnuecol Ther 2011,24:487-496
Faffe DS, Zin WA, Lung parenchymal mechamics 1o health and disease. Plawial Rev
2009:89:759-775,  Mijailovich SM, Stamenovic D, Predberg 3 Toward a kinetic theory of
connective Ussue micromechanios. J dppl Plosiol 1993.74:605-681. Yuan H. Ingenito EP,
Suki B. Dynamic properties of lung parenchyma: Mechanical coptributions of fiber network
and oterstinal cells. J Appd Phyviof 199783 1420-1431; discussion 1418-1429),  and i
frequently dysregulated in fibrotie lung diseases {Blamuboer ME, Boeijen FR. Emson Cl.,
Tuwrner SM, Zandieh-Doulabt B, Hanemaaijer R, Smit TH. Stoop R, Everts V. Extracellular
matrix proteins: A positive feedback loop in lung Obrosis? Marix Bio] 2013, Plerce RA,
Marigni TJ, Sentor RM, Elastin in tung development and disease, Ciba Foundation symposium
1995,192:199-212; discussion 212-194).  Elastin’s intrinsic autottuorescence captured by two-
photon excitation  {luorescence (TPEF) microscopy  arises from the pyridoxine-based
pyridolamine cross-tinks (Zipfel WR, Willlams RM, Christie R, Nikitin AY, Hyman BT, Webb

WA, Live tssue inirinsic emission microscopy using multiphoton-excited native fluorescence
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and second harmonie geveration. Proc Nafl dead Sed U7 & 4 2003, 100:7075-7080. Deyl Z,
Macek K. Adam M, Vancikova O. Studies on the chemical nature of elastin fluorescence.
Biochim Blophys Ao 1980;625:248-254) found only in mature clastin fibers {(Luisetti M, Ma
8, ladarela P, Stone P, Vighie 8, Casado B, Lin YY, Snider GL. Turino GM. Desmosine as a
biomarker of elastin degradation in copd: Current status and future directions. Eur Respir
2008:32:1146-1157), thus making TPEF of ¢lastin a usefud indicator for the mature elagtin
{iber content of lung dssue. Therefore, we captured this signal for the same healthy, UIP, and
COP specimens, then gquantified and expressed 1t both by itself and relative to the total FC
signal {Le. wial SHG signal, or Fsug v Bsag) 10 see whether there were other underlving
differences wy ECM structure or organization that we could idemify and guantify by SHGM and
twoe-photon oxcitation {laorescence (TPEF) microscopy. Using this methodology, total matare
clastin signal way similarly deereased in both UIP and COP compared to healthy lung tissue
{Figure 9A), and FCmature elastin ratios (Figure 98) wore simitbarly inereased i ULP and COP
compared o healthy. However, in neither of these paramelers was UIP different from COP.
Panels 3C-D illustrate the lower FCUmaure elastin ratio seen in healthy  versus UIP

respectively.

These data demonstrate that compared to healthy lung, horh fibrotic lung diseases (UHP
and COPY are characterized by significant gross physiologic disruptions tn ECM swructure and
organization that can be guantified with non-mvasive and non-tissue destractive combined SHG
and TPEF microscopy. Yot ondyv the more intractable UIP fibrosis shows ovidence of disrupted
FC microstructure as inferrogated by Pouo/Bana, thus highlighiing the compelling possibility
that together these fechmiques may help wmake clirdcal distinctions hetween ntrackble and

trectable lung fikroses.

We nse SHGM bmaging o Wdentfy key differences m the ECM of UIP compared to
COP and healthy contrel lung tssue. THP and COP were chosen because they are both
characterized by increases in matrix proteins, particularly FCs, vel they have contrasting natural
histories, responses o corticosteroids, and prognoses. The reasons why UIP s progressive and
difficult to treat ave not clear. One possible explanation ts that there may be g hundamental
difference in collagen’s content, structure, andfor organization in the UIP ECM that renders
collagen more structurally more resistant to degradation in UIP versus COP. We tested this

hvpothesis using SHGM. a microscopy approach that is sensitive i the iatrinsic FC
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organization and microstracture within the matrix, to confinm whether FC i ULP has different

microstructural properties versus COP or healthy lung.

Using this approach, we have demonstrated for the first time that FOC microstructure in
the ECM of UIP is stgmificantly different from PO microstrocture in either COP oy healthy
contral lung tissue, as ovidenced by the Fyne/Baus tatio. Changes in this Feua/Pano ratio
suggest that there is a significant difference In the density, structure, andfor orgpanization of FC
i UIP compaed o COP and healthy lung tissue, particudacly with regard 1o the effective
diameter or packing arrangement/density of collagen fibrils tn the ECM. Further defining the
exact aature of these “rollagen microstructure”™ ditferences will be an important goal of further
studies, but these results are compelling by themsebves because while previeus studies have
shown expression changes in several collagen subtypes in fibrotic lung discases, to owr
knowledge this is the (st report of abnormalities of ECM  microstructure ~and FC
microstructure in partiendar ~ in LIPSt more compelling is the fact that only the intractable
fibrosis (UIP) demonstrated signiticant differences mn FO nucrostructure versus healthy hung,
whereas the treatable fibrosis (COP)Y did not, thus providing we believe the first evidenve that
alterations tn collagen™s fundamental underlying structure  may contribute o whether or not
pulmonary fibroses are treatment responsive. These resulis provide previously unavailable
msights into the biological underpinnings of trestment-resistant pulmonary {Throsis, and also
highlight the polential of SHGM as a novel clinieal diagnostic and investigational tool for

distinguishing between intractable and trestable lung fibroses.

We alse found that fung tissue with preserved alveolsr architecture adjacent to UIP
fibvotic lesions has difterent FC microstructure than bealthy lang, suggesting the possibility that
pro-existing alterations i FC structure even in “novmal” lung tissue may foreshadow or
precipitate {or al mindem, associate with) development of UIP. As expected, both coll and
col were elevated in UIP and COP versus healthy lung, with ¢oll deposition being
predominant o cold in UIP, and vice-versa tn CQP, as has been previously reporied (Cordier
IF. Cryprogenic organising pneamonia. The Bwropean respivatory jorwrnad © official journal of
the Ewropean Seciety for Clinical Respiratory Physiology 2006;28:422-446),  These results
are significant in the context of our other resulls reported herein because It is known that
changes in FC ratios, particularly colt:coll ratios, plays a significant role in regulating collagen
fibril diameter (one component of collagen wicrostructure) (Fleischmajer R, Perlish IS,

Burgesen RE, Shaikh-Bahai F, Timpl R Type | and type Hi collagen interactions during
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fibrillogenesis, dmn N ¥ Acad Sei 1990:580:161-175.  Romanie AM, Adach B, Kadler KE,
Hotima Y. Prockop DL Copolymerization of pocollagen it and collagen t Pneollagen i
decreases the rate of incorpovation of collagen § info fbrils, the amount of collagen i
imcorporated, and the diameter of the fbnids formed. The Journad of blological chemistry
1991;266:12703-12708. Cameron G Alberts {1, Laing JH, Wess TX. Stracture of tvpe 1 and
type it beterotypic collagen fibrils: An xeray diffraction stady, J Struer il 2002:137:15-22).
Simitardy, by regulating the gvailability of fibvoblast (or other effector cell type) binding sHes
on collagen fibrils, changes in collagen’s subrezolution fibril microstructure could in turn
conirot relative levels of FCO exprossion. In other words, different collicoel ratios may in turn
drive or be driven by altered coliagen microstructure in UIP. Together with the earhier data,
these results demonstrate that the BCM of UIP not only contains more collagen {particularly
more coll} than the ECM of COP anddor healthy lung tissue, but also that there are sipnificant
differences i the subresolution microstructure (1.0, diameter, density, andfor argasization) of
these collagen fibrils 1 UIP versus COP and healthy, independenti of the absohite amount of

collagen deposition in gach discase,

Fioally, we demonstrated that mature olastin content in both UIP and COFP 15 reduced
compared to healthy controls. Elastin's intrinsic autofluorescence originates from pynidoxine-

hased pyridolamine cross-links (Zipfel WR, Williamis RM, Christie R, Nikitin AY, Hyman BT,

-

Webh WW. Live tissue mfrinsic emission microscopy using multiphoton-excited native

=

fluoresconce and sceond harmonic generation. Proc Narl dead Sei &8 A4 2003;100:7075-7080,

Devl Z, Macek K, Adam M, Vancikova Q. Sudies on the chemical natare of elastin
fluorescence, Biochim Blophyy Acta 1980:625:248-254} found primartly in matuwre olastin fibers
{Loiseti M, Ma S, {adarola P, Sone P, Vighie S, Casado B, Lin Y'Y, Snider GL, Turing GM.
Desmosine as a blomarker of elastin degradation in copd: Current status and fatwe directions.
Eur Respir J 2008;32:1146-1137) therefore TPEF of endopgenous lung olastin preferentially
wentifics mature elastin fbers n g tissue, These results are consistent with the concept that
breakdown of mature elastin fibers in the lung, and their “replacement™ with often excess
deposition of immature elastin fibers and elastin precursors, is helieved to contribute to reduced
tung function in a variety of pulmonary discases (Souza ABd, Santos FBd, Negnt EM, Zin WA,
Roceco PRM. Lung tissue remodeling in the acule respivatory distress syndrome. Jormal de
Poeumaologio 2003.29:235-245), These results are also consistent with numerous reports of

apparently increased elastin production. for example incressed elastin gene expression and
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protein expression (Hoft CR, Perkins DR, Davidson IM. Elastin gene sxpression is apregulated
during pulmonary fibrosis. Connective tissue research 1999:40:145-153),  as well as increased
enzymatic breakdown of mature elastin in COPD and IPF (Skjot-Arkil H, Clausen RE, Nguyen
OH, Wang Y, Zheng Q. Martingy Pl Hogabomm CM, Han M. Khickstein LB, Larsen MR
Nawracki A, Leeming DU, Karsdal MA. Measurement of mmp-9 and -12 degraded clastin (eln)
provides urique information on lung tissue degradation, BMC pufmonary medicine 2012:12:34)
in these and other (Stone PJ, Konstan MW, Berger M, Dorkin HL, Frangblan O, Snider GIL.
Flastin and collagen degradation products i1 urine of patients with cystic fibrosis. dm J Respiv
Crit Care Med 19935,152:157-162) pulmonary fibroses, In other words, increased elastosis (1.2
breakdown of mature elastin fibers), as has been demonstrated for UIP and COP (Skjot-Axkal H,
Clausen RE, Nguven QH, Wang Y, Zhong Q. Martinez FI, Hogaboam CM, Han M, Klickstein
L8, Larsen MR, Nawrockt A, Leeming DI, Karsdal MA. Measurement of mmp-9 and -12
degraded clastin {ehn} provides unigue wnformation on jung tissue degradation, BMC
pidmaonary medicine 20012:12:34), most hikely leads o 8 compensatory increase in elasiin
production in an {ultimately unsuccessful) effort (o restore the mature elastin fibers which have
been lost. Hence our results here together with these previous results all support the concept of
imorcased clastin turnover (e synthests and “deposition™ of “uamature”™ elastin componenis)
consequent 1o foss of mature clastin fibers in UIP and COP, with resulfant deficits in pulmonary
function. Taken together with our findings on different FC microstructure in UIP but not COP
versus healthy lung, these observations on elastin content are especially compelling because
they demonstrate that compared to bealthy lung, both fibreses (UHP and COP) have significant
identifying physiologic disruptions in ECM structure and organization that ate guaniifiable with
non-invasive and non-tissue destructive combined SHG and TPEF microscopy. Yet only the
more intractable UIP fibrosis has disrupted FC microstructure identifiable by Faa/Bypg, and
thus together these technigues may represent novel clinjeal diagnostic tools for distinguishing

between intractable and weatable tung fibroses,

fn summary, using SHG and TPEF sicroscopy, herein we identify several previousty
wweported  key  differences between UIP, COP and bealthy lung tissue. The collagen
microstructure. differences we observed i UIP ECM provide novel msights as {o why this
pathology may be resistant o many therapies. For example, an ECM and/or collagen fibrils that
are more densely packed, more ordered or disordered, andfor more cross-linked may be more

resistand o homweostatic wnover and exhibit differences i malrix s#iffoess that are key to
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modifying cellular activity of resident cells and activation of pro-fibrogenic oyvtokines such as

transforming growth factor beta (TGF-UL Tdemtitving all the microstroctural chanpes present in
VIP and/or the mechanisms that regolate them will be @ enttical part of our Rdure research.
These ongeing studiss will seek o detwrmine more specifically exactly what features of
collagen®s microstructore (e.g. fbnl diameter, fibril density, andfor hetero- or homo-tvpic fibril
composition or orpanization) are different in UIP versus COP and healthy Jung, and identify
molecular fargets that may effect these changes In collagen™s underlving microstructure.
Although further studies are required to ascertain whether or not the altered FC microstructure
as we demonstrate here Is an underiving case of {rather than just gssociated withy differences
in natural history, freatment responsiveness, and‘or prognosis between UIP and COP, at a
minimum these results introduce the intriguing possibility of using SHG microscopy in
accordance with the present invention as a novel clinical hiomarker that may help predics

treatment responsiveness of diopathic fibrotic lung discase,

FIGURE LEGENDS

Figuve 5: Fibrillar collagen microstructore is different in UIP, but not COP, versus
healthy long. SHG imaging was performed on healthy, COP, and UIP formalin fixed pavaffin
embedded human loog tssue, and the Fyno/Bsig ratio was calevlated 1o assess relative
differences in FC microstructure. Plot represents mean Fou/Bsne pixel intenstty & SEM
averaged over <12 fields of view (FOV) per patient {4-6 FOVisection from 2-3
seetions/patient), from n=8, 3, and 10 patienis per group respectively (subject to tissue
availability), Z-stacks from each FOV were average intensity projected and background
sublracted, Foyo and Byig collagen signals masked to the same XYY pixel arcas, then divided
10 calculate the mean Fyuo/Bsug value & SEM as previously deseribed. Compared 1o healthy
hung tissue, Fow/Bsuo was significantly decreased only in UIP {(¥¥p=0003) but not COP.
Statistics were performed by one way ANOVA with Hol-Sidak post-hoc test and correction
for muliiple comparisons agatnst healthy control. Al values are in refative arbitrary fluorescent

wis,
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Figare & Healthy, COP, and UIP lung histopathology compared to Foue. Representative
hematoxylin and cosin (H&E)Y FOVs showing healthy (A) versus fibrotic COP (B) and UIP {(C)
pathology were Held-matched o the Fyyg images (D, B, F) for the same FOVs, respectively.
Note the cosin stained sreas of concentrated collagen deposition (light pink color, indizated by
bloe arrows in B and C) that match areas of high FC Fyn signal intensity (white pixel regions,
indicated by blue arrows in B and F) in COP and UIP respectively. In contrast, the Fapo
{collageny signad in healthy tigsue (13) arises primartly from abveolar parenchyma and small
airway walls {(examples of small airway walls are indicated by vellow arrows, in all images),
Thus SHGM detecis and allows gquantification of altered microstruciure (8.8, Figures 3, 7, 9)
from both intrinsic normal and pathologic collagen content i hung tissue, Lovels {soreen

stretch) are Hncar and set the same for all images D-F.

Figure 7; Lung tissue with preserved alveolar archifecture adjacent to ULP fibrotic lesions
has different fibrillar collagen microstructare versus healthy lung. SHG imaging of the
FarriBane ratio was performed on healthy, UIP. and lung tissue with preserved alveolar
architecture adjacent to AP fibrotic lestons (UIP Ad)). details otherwise as deseribed in Figure
5. The FapoBawg ratio was significamtly decreased in both UIP Adj (Pp<04) and UIP
{**p<.003) versus healthy lung tissue, suggesting that even “normal appearing”™ hung tissue in

UIP patients bas altered PO microstructure. All values are in relative arbiteary fluorescent units,

Figure 8: Increased Coll and Cold deposition, and Coll:Col3 ratio differences, in UIP or
COP versus healthy leng. The same patient sets or subsefs as deseribed in Flgure § were
wnmunotiuorescently (IF) labeled for Coll and Col3, and mean IF pixel intensity + SEM
guantified for Coll (A), Cold (B}, or Coll:Col3 ratio (). Z-stacks from each FOV were
gverage infensity projected and background subtracted, and Buorescent mtensities from the
resudiant images were quantified with Image) and then expressed as mean anti-Coll anti-Col3
IF = SEM, as previously deseribed. Coll:Coll rativ was quantified in the same fashion, then
dividing Coll/Col3d signals, Compared o healthy, Coll deposiiion was increased in COP
{**p 004), and more so in UIP (3¥¥%p< 0001). Col3 deposition was about equally increased in
bhoth COP (*¥*p<.0035) and UHP (Y¥Fp< 003} versus healthy, Overall, this led o the Coll:Col3

ratio being effectively equivalent in COP versus healthy, but significantly increased in UIP
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versus healthy (Fp<.017). These findings are significant in the context of the Fepn/By changes
that were seen in only UIP (hut not COPY versus healthy in Figures 5 and 6, because altered
Coll:Col3 ratios are kvown to regulate collagen fitwil diameter andfor structare (Le. FC
microstructure ). Statisties were performed by one way ANOVA with Holim-Sidak post-hoc test
and correction for multiple comparisons against bealiby control. All valoes are in relative
arbitrary  fluorescent units. For  lHustrative  purposss, the orviginally  gravsesle Col3
imnmnotivorescence is shown with "Red™ LUT applied in Imagel, with levels (sereen stretch)

linear and set the same for all images.

Figure & Elastin and Elastim:Collagen ratios differ in UIP and COP versus healthy hung.
The same patient sets or subsels ag described in Figure 5 were imaged and goantified for total
FC content (Le. total Fouo + Bsng signalsy and intvinsic antofluorescence from mature hung
elastin (captured at S15-335 nm), with the methods as described Figures 3, 7, 8 and in Resulis

Mature elastin fiber content (A) was similarly decreased In both COP (Fp<0l) and UIP
{(*p=.01) versus healthy lung lissue. and the total FCunature elastin ratio (B was similarly
increased in both COP (™p<003) and VP (3*p< (03} compared to healthy. Plots represent
mean pixel intensity & SEM for these elastin autofluorescence and Feug + Bsug signals, and
statistios performed by one way ANOVA with Holm-Sidak post-hoe test and correction for
nultiple comparisons against healthy contrel. All values are in relative arbitrary fluorescent
anils. Representative merged mages {C) and (D) ilustrate this lower total FC SHG
{bluc)mature eolastin (green) ratio scen in healthy compared to UIP {for cach image, compare
total amoont and ntenstly of the Alue summed Fepo + Biye collagen SHG signal, velative fo the
green mature clastin signal, in healthy (C) versus UIP (D) pancls respectively). For sllustrative
purposes, the originally grayscale SHG and elastin fluorescence signals are shown with “Blue”
and “Green”™ LUTs applicd o Imagel respectively, with levels (sereen streteh) Hinear and set the

same for all channels in all images. Image scale s the same as in Flgures 6 and § above,

Potential Applications

Potential uses for the present invention, as it relates to Jung fibrosis, include abilities to:

. Predict much earlier (Lo, potentially many vears eaclier) what patients may develop
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fatal lung fibroses, which may in tum allow: 1. earher trentment intervention, andfor A
development of more successful treatments for fatal tung fibroses. Corrently there s no way to
make such predictions, wntil diagnosis of fatal lung fibrosis is actually made, e.g. median 2.9
vears before death from thig dissase, at which point 1 is o late o stop progression of thig

rapidly fatal discase.

2. Diagnose. with greater certainty, what patients bave fatal hung fibrosis (either with

brouchascopy as deseribed m #1 below, o on bropsies as deseribed i #2 below),

3. Provide pew insights into eticlogy and new therapies/reatments {or fatal {or other)

tung fibroses such as IPF/UHP.

Second Harmonic Generation (SHG ) Instrement

The present tnvention includes an SHG instrument such as a bronchoscope or an SHG
mstrument in combination with, or in the form of, an endoscape. There are existing commercial
confocal bronchoscopes {e.g. CellVizie, Olympus). which could be developed into an SHG
bronchoscope. Notably, such an SHG endoscope would have applications for multiple diseases
for which collagen SHG and F/B SHG and related readouis way provide clinical diagnostic
vatlue. For example, colon and gastrointestinal and gynecologicaliurological digeases, ss well ag
skin cancer, efc — are disease areas that could all potentially benefit from this method, and for
which endoscopy 1 typically used in diagnostics. A system and Method that enables the
measirement of a second harmonic generation forwardbackward mtio from an object by
performing only a single image scan that may be used with the present invention s disclosed in
conmioenly owned United States Published Patent Application USZ013/0057873 Al entitded
“System And Method For Measuring The Ratio of Forward-Propagating to Back-Propagating
Second Harmonie-Generation Signal, And Applications Thereof” to Edward Brown I and

Xigoxing Han, the entire dizclosure-of which is incorporated herein by reference

Diagnostics

While there is currently "some” ability fo "diggnose®™ UIPAPE (based on distingnishing
{3 - e e N’

features on lung bopsy andfor with High Resolution Computed Tomography (HRCT), family
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history, ete), carrently such diagnoses of “atal™ Bbrosis are fypically only available andfor
made somewhat late in the course of the disease (median survival 13 2.9 years afier diagnosis,
for UIFAPE). Moreover, there s sonwe wncertainty with the current disgnostic methods, which
as noted above include radiologic imaging (HROT), and/or lung biopsy. In this context, such a
SHO bronchoscope or endoscope, as disclosed herein, would provide a less firvasive and more

certain andfor confirming diagnosis compared to existing {biopsy) methods.

Secemidly, ouwr F/B SHG approach could alse be applicd © clinical diagnostics of lung
biopsies for fibroses. This could provide a diagnostic approach with greater certainty than the

existing methods (to predict fatal versus non fatal Jung fibroses).

Second Harmenic Generation (SHG} and multiphoton microscopies predict and identify

untreatable lung fibrosis

Not all lung fibroses are fatal or unresponsive 1o therapies, but those that are, such as
usual interstitial prewnonia (LIPY, typically progress rapidly with a median survival time of 2.9
vears after diggnosis for UIP. It ts unknown why some lung Hbroses respond well to therapies,
vet others bike UAP remain intractable and rapidly fatal. Being able 1o prediet, identify, or
diagnose earlier which cases may progress to fatal lung Bbrosis, before advanced disease onset,
may facilitate development or administeation of therapies to help “stem the tide™ of progressive

and fatal lung fibroses,

Fibrosis of the langs and other tissues is caused by aberrant and excess deposition of
collagen, particularly of the filvillar collagen subivpes. Second Harmonic Generation
nicroscopy (SHGM) and related technignes are a variant of 2 photon (2P} microscopy that can
detect (e, visualize and assess) these fibrillar collageny in lung (and other) tdssues withowt
cxogenous labels. As such, SHGM can be used o intorrogate changes in collagen's
macrostructural properfies {e.g. collagen fiber density, armangement, and organization), as well
as changes in collagen’s subresolution microstructural properties {e.g. the diameter, order
versus disorder, andfor packing density of collagen fibrils within {arger collagen fibers). In this
aspect, SHGM is unigue i #is ability to imterrogate subresolution structure of fibrillar collagens
{e.g. coll and cold) in infact and potentially hHve samples withowt exogenous labels, ahilities

which alse make SHGM an atiractive potential clinical and investigational diagnostic ool
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One particudar SHGM mgasure, known as the forward-to-backward SHG ratio, F/B
SHG, andfor Fau/Bepo, I particular is primarily sensitive to the spatial extent of SHG-
generating  scattercrs along the optical axis, bLe. the effective dimmeter or packing
arrangement'density/order versos disorder of collagen fibrils within the SHG focal volume, We

ase the term collagen “microstructure™ to refer to these subresoluion structural properties of

collagen fibrils or fibers, that can influence SHG directionality from that fibril or fiber, 1o alter

the caleulated F/B ratio parameten.

fn the present mvention, we determined that this measurable F/B SHG pﬁmmﬂt{:{ was
different in: L Lung tissue with preserved alveolar architecture adjacent 1o UIP fibrotic lesions
{i.c. "ndjacent normal” lung tissue) compared to healthy long (and fibrotic UIP fung tissue had
similar F/8 to this “adjacent normal™ tissue from UIP lung), and 2. Lung dssue from UIP
fibrotic hung compared fo healthy lung end compared 1o a non-fawl and “treatable™ lung

fibrosis, eryptic organizing pnewrsonia (COPY (which had similar F/8 o healthy lung).

These results show for the fisst time that collagen “microstructure”™ (e, as interrogated
by F/B SHG) is different in each of these comparative scenarios. and teach at least two things

about the F/B SHG parameter as measured in fibrofic versus normal lung tissues: 1. The F/B
SHG parameter may “predict”™ which lung tissues are bkely to become fatally fibrotic (since
even normal-appearing, non-fibrotic lung tissee adjacent fo fibrotic 1P long tissue had the
same F/B SHG “signature™ as the fibrotie ULP lung tissue), and 2, The F/B SHG parsmeter may

“distinguish™ fatal hung fibroses from non-latal lung fibrosis and from healthy lung (since both
healthy lung and a non-fatal and tremtable lung fibrosis, COP, shared a similar BB SHG

signature, which was different frows the F/B SHG signature found in fadal ULP lung tssue).

There are other parameters or “signatures™ we can measure in lung tssue with SHG and
multiphoton microscopies, such as bai not limited to the mature elastin content and the
fihrillay collagencelastin ratie. Both of these parameters were similarly changed in COP and
UIP compared to healthy lung tissue, but in neither of these parameters was UTP different from

LCOP.

Al together, these data and methods demonstrade that compared to healthy lung, bork
fibwotic lung diseases studied (i.e. the rapidly fatal and antreatable UIP, and the treatable and
non-fatal COPY are characterized by significant gross physiologie disruptions in collagen and

extracellular matrix (ECM) structure and organization that can be quantified with non-mvasive
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and non-tissue destroctive combined SHG and multiphoton microscoples, as interrogated by the
mature elastin content and the fibrillar collagenelastin rario pavameters. Yet only the more
intractable UIP {ihrosis shows evidence of disrupted fibriltar collagen microstraciure, as

intervogated the B/B 8SHG ratie.

Thus these new methods described above highlight that these techniques, methads and
measures, particufarty the F/B SHG parameter either by Hself andéor in combination with the
“mature clastin content” anddor the collagencelastin ratin measures, may predict onset of, andfor

make clinical distinctions hetween, mitractable and treatable lung Bbroses.

While the devices, systems and methods disclosed herein are deseribed by way of
cxample as being applied to various cancers and hung Dbrosis, they are cgually applicgble w
other diseases where disrupied fibrillar collagen microstructure is an indicator of progression or

metastasis of the disease.

It is, therefore, apparent that there has been provided, i accordance with the various
objects of the present mvention, a method and apparstus for determining the progressive

potential of u disease.

While the varions objects of this invention have been described in conjunction with
preferred embodiments thersofl it s evident that many alternatives, modifications, and
variations will be apparent to those skifled in the art, Accordingly, it 1y intended to embrace all
such alternatives, modifications and variations that fall within the spirit and broad scope of this

specification, claims and drawings appended herein,
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What is claimed 133

1. A method for determining the progressive potential of a discase, the method comprising the

steps of!
imaging body tissoe using a second harmonic generation mstroment;

determining the ratio of the forward 1o backward propagating second harmonic generation
sipnal derived from the imaging of the body tssue with the second harmonie generation

nstrument;

assessing the collagen microstructure of the imaged body tissue using the ratio of the forward to

backward propagating second hagimonic generation signal:

comparing the ratio of the forward to backward propagating sccond barmonic generation signal
to the ratio of the forward to backward propagating second harmonie genersfion signal of other

tissne samples and

determining the progressive potential of the disease by numerical values derived from the ratio
of the forward 1o backward propagating second harmonic generation signal of the imaged body

FIRSUE,

2, The method of vlaim |, wherein the body tissue is obtained from & primary tumor biopsy.

3, The method of claim 1, further comprising the step of predicting the duration of metastasts
free survival (MFS) from the mumerical values derived from the ratio of the forward to

hackward propagating second harmonic generation signal of the imaged body tissue.
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4. The method of claim 1, forther comprising the step of predicting the duration of progression
free survival (PFS} from the numerical values dertved from the ratio of the forward o backward

propagating second harmonic generation signal of the imaged body tissue.

The method of claim 1, further comprising the siep of statistically analyzing the numerical
values derived from the ratio of the forward to backward propagating second harmonie
generation signal of the imaged body tissue to predict the duration of metastasis free survival

(MFS)

6. The method of claim 1. wherein the progressive potential of the disease is the metastatic

potential for the disease.

7. The methed of claim 1, wherein the dizease s estrogen receptor positive (ER+) breast

CapLer.

8. The method of ¢laim 1. whereln the disease s fmvastve ducial carcinoma.

9. The method of claim &, futher comprising the step of providing adjusted chemotherapy
treatment levels to a patient based on the determined progressive potential of thelr estrogen

receptor positive (ER+) breast cancer.

10, The method of claim 1, wherein the disease is colorectal adenocarcinoma,

L. The method of ¢laim 1, wherein the disease is lung fibrosis,
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12, The method of claim 1, wherein the method 1s af least partially performed wsing a computer.

13, A method for determiining the progressive potential of a disease, the method comprising the

steps of:

imaging in vivo body tissue using & second harmonic generation instrument in combination

with an endoscope;

determumng the ratio of the forward to backward propagating second harmomie gengration
signal devived from the imaging of the in sita body tissue with the second harmonic generation

instrament i combination with the endoscope;

assessing the collagen microstrecture of the mmaged in st body tissue using the ratio of the

forward {o backward propagating second harmonic generation signal;

comparing the ratio of the forward o backward propagating second harmonic generation signal
to the ratio of the forward to backward propagating second harmonic generation signal of other

tissue samples; and

determining the progressive potential of the discase by numerieal values derived from the mtio
of the forward to backward propagating second harmomie generation signal of the imaged in

situ body fissue,

t4. The method of claim 13, Turther comprising the step of predicting the duration of metastasis
free survival (MFS) from the numerical valoes derived from the ratio of the forward o

hackward propagating second harmonic generation signal of the imaged in vivo body tissoe

15, The method of claim 13, further comprising the step of predicting the dorafion of
progression free survival (PFS) from the numerieal values derived from the ratio of the forward

to backward propagating second harmonic geperation signal of the imaged in vivo body tissue,
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16. The method of claim 13, further comprising the step of statistically analyzing the numenical

g second harmonic

[

values derived from the ratto of the forward to backward propagatin
generation signal of the imaged body tissue to predict the daration of metastasis free survival

MFES

e’

.,

i,

17, The method of elaim 13, wherein the progressive potential of the disease is the metastatic

potential for the disease.

5

18, The method of claim 13, wherein the disease is lung fibvosis

19, The method of elabm 13, whereln the disease 18 a cancer.

20. The method of claim 13, whersin the method is at least partially performed using a

computer.
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