an United States Patent
Chee

US01100860782

US 11,608,607 B2
*May 18, 2021

(10) Patent No.:
45) Date of Patent:

(54) SPATIALLY ENCODED BIOLOGICAL
ASSAYS

(71) Applicant: Prognosys Blosciences, Ine., San
Diego, CA (US)

(72) Inventor: Mark 8. Chee, San Diego, CA (US)

(73) Assignee: Prognosys Biosclences, Inc., San
Diego, CA (US)

(*) Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35

U.S.C. 154(b) by 0 days.

This patent is subject to a terminal dis-
claimer.

(21) Appl. No.: 17/097,824

(22) Filed: Nov. 13, 2020

(65) Prior Publication Data
US 2021/0062249 Al Mar. 4, 2021

Related U.S. Application Data

(63) Continvation of application No. 16/988,284, filed on
Aug. 7, 2020, now Pat. Ne. 10,961,566, which is a
continuation of application No. 16/414,213, filed on
May 16, 2019, now Pat. Ne. 10,787,701, which is a
contimiation of application No. 16/402,098, filed on
May 2, 2019, now Pat. No. 10,472,669, which is a
continmation of application No. 16/276,235, filed on
Feb. 14, 2019, now Pat, No. 10,480,022, which is a
continuation of application No. 15/187,661, filed on
Jun. 20, 2016, now Pat. No. 10,308,982, which is a
continuativn of application No. 13/080,616, filed on
Apr, 5, 2011, now Pat. No. 9,371,598

{60y Provisional application No, 61/321,124, filed on Apr.

5, 2010.
(51) Int. Cl.
CI12Q 1/68 (2018.01)
CI2Q 1/6837 (2018.01)
GOIN 33/68 (2006.61)
C12Q 1/6804 (2018.01)
C12Q 1/6874 {2018.01)
GOIN 33/53 (2006.01)
C12Q 1/6869 (2018.01)
C408 60/04 {2006.01)
C12Q 1/6809 (2018.01)
C120 1/6834 (2018.01)
C120 1/6841 {2018.01)
C40B 30/04 (2006.01)
GOIN 33/543 {2006.01)
(52) US.CL
CPC covvireien CI20 1/6837 (2013.01); CI2Q 1/68

(2013.01); C12Q 1/6804 (2013.01); C12Q
1/6809 (2013.01); €120 1/6834 (2013.01);
C12Q 1/6841 (2013.01); CI12Q 1/6869
(2013.01%; C12Q 1/6874 (2013.01); C40B
30/04 (2013.01); C40B 60/04 (2013.01);

GOIN 33/5308 (2013.01); GOIN 33/54366
(2013.01); GOIN 33/6845 (2013.01); GOIN
2458/10 (2013.01)
(58) Field of Classification Scarch
None
See application file for complete search history.

(36) References Cited
U.S. PATENT DOCUMENTS

4,683,195 A 7/1987 Mullis
4,883,867 A 1171989 Lee
5,002,882 A 3/1991 Lunnen
5,308,751 A 5/1994 Qhkawa
5,455,166 A 10/1995 Walker
5,494,810 A 2/1996 Barany et al.
5,503,080 A 4/§996 Cantor
5,512,439 A 4/1996 Hornes
5,512,462 A 4/1996 Cheng
5,559,032 A 9/1996 Pomeroy
5,589,173 A 12/1996 O'Brien
5,599,675 A 2/1997 Brenner
5,641,658 A 6/1997 Adams
5,716,875 A 2/1998 Hancock et al.
5,750,341 A 5/1998 Macevicz
5,763,175 A /1998 Brenner
5,830,711 A 1171998 Barany et al,
3,912,148 A 6/1999 Eggerding
5958,775 A 9/1995 Wickstrom et al.
6,013,440 A 1/2000 Lipshuiz et al.
6,027,889 A 2/2000 Bazany el al.
6,060,240 A 5/2000 Kamb et al.
6,130,073 A 10/2000 Eggerding
6,143,496 A 11/2000 Brown
6,153,380 A 11/2000 Haarer
6,210,891 Bl 4/2001 Nyren
6,210,894 Bl 4/2001 Brennan
6,214,587 Bl 4/2001 Dattagopta
6,221,591 Bl 412001 Acrts
(Continued)

FOREIGN PATENT DOCUMENTS

EP 1782737 52007
EP 1910562 4/2008
(Continued)

OTHER PUBLICATIONS

Affyinetrix “GeneChip Human Genome U133 Set,” retrieved from
the Internet: on the World Wide Web at affymetrix.com/support/
technical/datasheets/hgul33_datasheet.pdf, refriecved on Feb. 26,
2003.

(Continned)

Primary Examiner — James Martinel]
(74) Attorney, Agent, or Firm — Fish & Richardson P.C.

(57 ABSTRACT

"I'he present invention provides assays and assay systems for
use in spatially encoded biological assays. The invention
provides an assay system: comprising an assay capable of
high levels of multiplexing where reagents are provided to
a biological sample in defined spatial pattems; instrumen-
tation capable of controlled delivery of reagents according to
the spatial pattems; and a deccding scheme providing a
readout that is digital in nature,

29 Claims, 5 Drawing Sheets

NanoString EX2051.001

DATE:



US 11,008,607 B2

Page 2
(56) References Cited 8343,500 B2 12013 Whaith
8,383,338 B2 22013 Kitzman
U.S. PATENT DOCUMENTS 8,460,865 B2 6/2013 Chee
8,481,257 B2 72013 Van Eijk
6,258,558 Bl 772000 Szosiak 8481,202 B2 72013 Casbon
6,258,568 B1  7/2001 Nyren RU44,596 B 11/2013 Stroun ef al,
6,266,459 Bl 7/2001 Wit 8,586,310 B2 112013 Mitra
6,281,804 Bl 8/2001 Haller 8,603,743 B2 122013 Lin et‘:al.
6,309,824 B1  10/2001 Drmanac 8,614,073 B2  12/2013 Van Eijk
6,344316 Bl  2/2002 Lockhart 8,685,880 B2 42014 Van Eijk
6355431 Bl 3/2002 Chee 8,741,564 B2 6/2014 Seligmann
6,368,801 Bl 42002 Farugi 8,741,606 B2 6/2014 Casbon
6,401,267 Bl 6/2002 Drmanac 8,748,103 B2  6/2014 Faham et al,
6404907 B1  6/2002 Gilchrist 8,778,840 B2 7/2014 Bowen
6,416,950 Bl 7/2002 Lohse 8785353 B2 72014 Van Eijk
6,432,360 Bl 82002 Church et al. 8,809,238 B2 82014 Livak et al.
6485982 Bl [1/2002 Charlton 8815512 B2 82014 Van Eijk
6,544,732 Bl 4/2003 Chee 8,835,358 B2 9/2014 Fodor
6,579,695 Bl 6/2003 Lambalot 8865410 B2  10/2014 Shendure
6,620,584 Bl 9/2003 Chee 8,895,249 B2 1172014 Shen
6,632,641 Bl  10/2003 Brennan 8911545 B2 1272014 Van Eijk
6,673,620 Bl 1/2004 Loeffler gqggﬁ,gg g; %gig %ﬂi'ﬁ‘
6,690,710 Bl 3/2004 Kononen ,951, eed
6,770,441 B2  8/2004 Dickinson 9,023,768 B2 52015 Van Eijk
6,773,886 B2  8/2004 Kaufman 9,062,348 Bl 62015 Van Eijk
6,787,308 B2  9/2004 Balsubramanian 9,080,210 B2 7/2015 Van Eijk
6,800,453 B2  10/2004 Labaer 9,085,798 B2 72015 Chee
6,812,005 B2 11/2004 Fan et al, 9,121,069 B2 92015 Lo
6,828,100 Bl  12/2004 Ronaghi 9,194,001 B2  11/2015 Brenner
6,833,246 B2 1272004 Balasubramanian 9,217,176 B2 12/2015 Faham et al.
6,878,515 Bl 4/2005 Landegren 9,290,808 B2  3/2016 Fodor
6,800,741 B2  5/2005 Fan et al, 9,290,809 B2 3/2016 Fodor
6,897,023 B2 5/2005 Fu 9,328,382 B2 52016 Van Eijk
6,911,345 B2 6/2005 Quake 9,334,536 B2 52016 Van Eljk
6,913,921 B2  7/2005 Fischer 9,340,330 B2 5/2016 Lipson
6,969,488 B2  11/2005 Bridgham 9,371,598 B2 6/2016 Chee
6969589 B2  11/2005 Patil 9,376,716 B2 6/2016 Van Eijk
6,977,033 B2  12/2005 Becker 9,376,719 B2 6/2016 Van Eijk
7,052,244 B2  5/2006 Fouillet 9404,156 B2 82016 Hicks
7,057,026 B2  6/2006 Bames 9447450 B2 9/2016 Van Eijk
7.115400 B1  10/2006 Adessi 9453256 B2 92016 Van Eijk
7,118,883 B2  10/2006 Inoue 9,493,820 B2  11/2016 Van Eijk
7,128,893 B2  10/2006 Leamon et al. 9,506,061 B2 11/2016 Brown
7,163,612 B2 172007 Sterling 9,512,487 B2 12/2016 Faham et al.
7211414 B2 5/2007 Hardin 9,574,230 B2 22017 Van Ejjk
7,229,769 B2 6/2007 Kozlov 9,582,877 B2 22017 Fu
7,255,094 B2 8/2007 Lao 9,593,365 32 3/2017 Frisen et al,
7,258,976 B2 8/2007 Mitsuhashi 9,598,728 B2 3/2017 Barany et al.
7,264,929 B2  9/2007 Rothberg 9,657,335 B2 52017 Van Eijk
7,297,518 B2 11/2007 Quake 9,670,542 B2  6/2017 Van Eiik
7,315,019 B2 1/2008 Turner 9,702,004 B2 72017 Van Eijk
7329492 B2  2/2008 Hardin 9,727,810 B2 82017 Fodor et al.
7,361,488 B2  4/2008 Fan ot al. 9,745,627 B2 82017 Van Eijk
7,378,242 B2 5/2008 Hunt 9,771,324 B2  10/2017 Vap Eik
7393,665 B2  7/2008 Brenner 9,850,536 B2  12/2017 Oliphant et al.
7,405,281 B2 7/2008 Xu 9,868,97% B2  1/2018 Chee et al.
7,407,757 B2 8/2008 Brenner 9,896,721 B2  2/2018 Van Eijk
7,537,897 B2 5/2009 Brenner 9,898,576 B2 22018 Vaa Eijk
7544473 B2 6/2009 Brenner 9,898,577 B2  2/2018 Van Eijk
7,579,153 B2 8/2009 Brenner 9,902,950 B2 2/2018 Chl.ucl.l. et al.
7,595,883 Bl 9/2009 El Gamal 10,023,907 B2 7/2018 Van Rijk
7,601,492 B2  10/2009 Fu et al. 10,030,261 B2 7/2018 Frisen et al.
7,601,498 B2 1042009 Mao 10,049,710 B2 8/2018 Madabhushi et al.
7.611,869 B2  11/2009 Fan 10,078,895 B2 9/2018 Madabhushi et al.
7,635,566 B2  12/2009 Brenner 10,095,832 B2 102018 Van Eijk
7,666,612 B2 2/2010 Johnsson 10,138,509 B2  11/2018 Church et al,
7,674,752 B2 3/2010 He 10,179,932 B2 172019 Church et al.
7,100,286 B2 4/2010 Stroun et al. 10,196,691 B2 22019 Harkin et al.
7,754,429 B2 7/2010 Rigatti 10221461 B2 3/2019 Robins et al.
7858321 B2 1272010 Glezer 10,246,752 B2 4/2019 Faham et al.
7892747 B2 2/2011 Barany & al. 10,266,874 B2 42019 Weissleder et al.
7955794 B2 6/2011 Shen et al. 10,501,777 B2 = 12/2019 Beechem et al.
8,003,354 B2  8/2011 Shen et al. 10,640,816 B2 52020 Beechem et al.
8,076,063 B2  12/2011 Fan 10,655,163 B2 52020 Weissleder et al,
8,092,784 B2 172012 Mao 10,697,013 Bl 6/2020 Brenner et al.
8,148,068 B2 4/2012 Brenner 10,767,223 Bl 9/2020 Brenner et al,
8,148,518 B2 4/2012 Buchanan 2001/0055764 Al  12/2001 Empendocies et al.
8,288,103 B2  10/2012 Oliphant 2002/0040275 Al 4/2002 Cravalt
8,337,851 B2  12/2012 Aukerman 20020045162 Al 472002 Shoemaker et al.

NanoString EX2051.002



US 11,008,607 B2

Page 3
(56) References Cited 2007/0207482 AL 972007 Church et al,
2007/0231823 Al 10/2007 McKernan
U.8. PATENT DOCUMENTS 2007/0251824 Al 11/2007 Patton

2007/0254305 AL 11/2007 Paik ef al.
2002/0048766 Al 4/2002 Doyle et al. 2007/0269805 Al  11/2007 Hogers
2002/0064779 Al 5/2002 Landegren 2007/0280517 Al  12/2007 De La Torre-Bueno et al.
2002/0137031 Al 972002 Wolber 2008/0009420 Al 1/2008 Schroth et al.
2002/0150000 Al  10/2002 Stuelpnacyel 2008/0032301 Al 2/2008 Ranket al.
2002/016461t Al 11/2002 Bamdad 2008/0038734 Al 2/2008 Sorge et al.
2002/0168645 Al 1172002 Taylor 2008/0071071 Al 3/2008 LaBaer et al.
2003/0040035 Al 2/2003 Slamon 2008/0108082 Al 5/2008 Rank et al.
2003/0064398 Al 4/2003 Bames 2008/0108804 Al /2008 Hayashizaki et al,
2003/0087232 Al 5/2003 Christians 2008/0124252 Al 52008 Marchand ef al,
2003/0096323 Al 5/3003 James 2008/0124810 Al 5/2008 Terbrueggen et al.
2003/0124595 Al /2003 Lizardi 2008/0128627 Al 6/2008 Lundquist et al.
2003/0148335 Al 82003 Shen et al, 2008/0153086 AL 6/2008 Wong
2003/0162216 Al 82003 Gold 2008/0220434 Al 9/2008 Thomas
2003/0170637 Al 9/2003 Pirmng et al. 2008/0220981 Al 9/2008 McGregor
2003/0215936 Al 1172003 Kallioniemi et al. 2008/0261204 Al 10/2008 Texow
20030224419 Al 12/2003 Corcoran 2008/0293591 Al 11/2008 Taussig et al.
2003/0232348 Al 12/2003 Jones ct al. 2008312103 Al 12/2008 Nemoto et al.
2003/0232382 Al 12/2003 Brennan 2009/0006002 Al 1/2009 Honisch et al,
2003/0235535 Al 12/2003 Zhou 2009/0018024 Al 172009 Church et al.
2003/0235852 Al  12/2003 Roberts 2009/0026082 Al 1/200% Rothberg et al.
2004/0002090 Al 1/2004 Mayer et al. 2009/0036323 Al 2/2009 van Eijk et al.
2004/0019005 Al 1/2004 Van Ness 2009/0062148 A1 3/2009 Goldberg
2004/0023320 Al 2/2004 Steiner ef al. 2000/0082212 AL 3/2000 Williams
2004/0033499 Al 2/2004 Tlsley et al. 2009/0099041 Al 4/2009 Church et al.
2004/0067492 Al 4/2004 Peng et al. 2009/0105959 Al 4/2609 Bravenman et al.
2604/0067493 Al 4/2004 Matsuzaki 2009/0117573 Al 5/2009 Fu etal,
2004/0082059 Al 4/2004 Webb 2009/0170713 Al 7/2009 van Eijk et al.
2004/0006853 Al 5/2004 Mayer 20090192044 AL 7/2009 Fouillet
2004/0224326 Al 11/2004 Kim et al. 2000/0215633 AL #2009 van Hijk ef al,
2004/0259105 Al  12/2004 Fan et al. 2009/0233802 Al 9/2009 Bignell ei al.
2005/0003431 Al 1/2005 Wucherpfennig 20090239232 AL 92009 Kum
2005/0019776 Al 172005 Callow et al. 2009/0253581 Al 10/2009 vum Bijk et al.
2005/0026188 Al 2/2005 Van Kessel 2000/0253582 Al 10/2002 Pean et al.
20050037362 Al 2/2005 Remacle ef al. 2009/0280487 Al 11/2009 Hung et al.
2005/0037393 Al 2/2005 Gunderson et al. 2000/0283407 Al 11/2009 Van Eijk
2005/0042695 Al 2/2005 Meares et al, 2009/0280184 Al 1172009 Deininger
2005/0079520 Al 4/2005 Wu 20090201854 Al 11/2009 Wiesinger-Mayr ef al.
2005/0130188 Al 6/2005 Walt 2009/0305237 Al 12/2009 Cantor et al.
2005/0136414 Al 6/2005 Gunderson et al, 2009/0312193 Al 12/2006 Kim el al.
2005/0164292 Al 7/2005 Farooqui 2009/0321262 Al 12/2005 Adachi et al.
2005/0191656 A1 9/2005 Drmanac ¢t al. 2010/0009871 Al 172010 Reedet al.
2005/0196786 Al 92005 Levy 2010/0035249 Al 2/2010 I-Ia}msh'lzakl ef al,
2005/0239192 Al 1072005 Nasarabadi et al. 2010/0099103 AL 4/2010 Hsich et ak.
2005/0244850 Al  11/2005 Huang 2010/0105052 Al 4/2010 Drmanac et al.
2005/0255548 Al 1172005 Lipovsek et al. 2010/0111768 AL 52010 Banetjec et al.
2005/0260653 Al 11/2005 LaBaer 2010/0113302 Al 5/2010 Williams
2006/0003394 Al 1/2006 Song 2010/6120043 Al 5/2010 Sood et al,

' 2006/0039823 Al 2/2006 Yamakawa et al. 2010/0120097 AL 572010 Matz et al.
2006/0046313 Al 3/2006 Roth 2010/0120008 Al 5/2010 Grunenwald et ai.
2006/0079453 Al 4/2006 Sidney et al. 2010/0137143 Al 62010 Rothberg ef al.
2006/0110739 Al 5/2006 Heyduk 2010/0145037 Al 6/2010 Makarov et al.
2006/0134669 Al 6/2006 Casasanta 2010/0151464 Al 6/2010 Stuelpnagel et al,
2006/0164490 Al 7/2006 Kim et al. 2010/0151511 Al 6/2010 Greenizen el al.
2006/0188875 Al 2/2006 Cox et al, 2010/0159446 Al 6/2010 Haff ot al.
2006/0199207 Al 9/2006 Matysiak 2010/0184614 Al 712010 Ye et al.
2006/0211001 Ai  9/2006 Y et al. 2010/0210475 Al 82010 Lee et al.
2006/0216775 Al 92006 Burkart et al. 201040227379 Al 92010 Cuppens
2006/0228758 Al 10/2006 Muchhal et al. 2010/0282617 Al 11/2010 Rothberg <t al.
2006/0263789 Al 11/2006 Kincaid 2011/0027772 Al 2/2011 Ahn et al.
2006/0275799 Al  12/2006 Banerjee et al. 2011/0059865 Al 3/2011 Smith et al.
2007/0003954 Al 1/2007 Kodadek et al. 2011/0086774 Al 4/2011 Dunaway
20070014810 Al 1/2007 Baker cf al. 2011/0151451 Al 6/2011 Lemaire et al.
2007/0020625 Al 1/2007 Duchaud et al. 201170152111 Al 6/2011 Tlfumina
2007/0020640 Al 1/2007 MoCloskey et al, 201170201515 At 82011 Webster cf al.
2007/0020669 Al 1/2007 Ericsson 2011/0223613 Al 972011 Gut
2007/0026430 Al 2/2007 Andersen et al, 2011/0244448 Al 10/2011 Shirai et al,
20070036511 Al 2/2007 Lundguist et al, 2011/024510k Al 10/2011 Chee ef al.
2007/0054288 Al 3/2007 Su et al. 2011/0245111 Al 10/2011 Chee
2007/0099208 Al 5/2007 Domapac et al. 2011/0275077 Al 11/2011 James
2007/0128624 -AL- - 6/2007-Gormley et al. - . 2012/0046175 Al . 272012 Rodesch et al.
2007/0128656 Al 6/2007 Agrawal 2012/0065081 Al 3/2012 Chee
2007/0141718 Al 6/2007 Bui et al. 2012/0077693 Al 3/2012 Cazalis et al.
2007/0166725 Al 7/2007 McBride cf al. 201270129248 Al 5/2012 Cheeet al,
2007/0172873 Al 7/2007 Brenner et al. 2012/0135871 Al 5/2012 van Fijk et al.
2007/0178503 Al 8/2007 Jiang 2012/0157322 Al 6/20i2 Myllykangas

NanoString EX2051.003



US 11,008,607 B2

Page 4
(56) References Cited WO WO 2005/026387 3/2005
WO WO 2005/042759 5/2005
U.S. PATENT DOCUMENTS WO WO 2005/067648 7/2005
WO WO 2006/065597 6/2006
2012/0195810 Al 82012 Cohen et al. WO WO 2006/074351 7/2006
2012/0196297 Al 82012 Yost e al. WO WO 2006/084130 8/2006
2012/0202698 Al $2012 van Eijk ct al. WO WO 2006/117541 1172006
2012/0202704 Al %2012 Fan et al. WO WO 2006/137733 12/2006
2012/0245053 Al 92012 Shirai et al. wWGo WO 2007/000669 172007
2010270748 Al 10/2012 Cheo et al. WO WO 2007/037678 472007
2013/0096033 Al  4/2013 Routenberg WO WO 2007041689 42007
2013/0122516 Al 5/2013 Hong et al. WO WO 2007060599 52007
20130261019 Al 1072013 Lin etal. WO WO 2007073165 6/2007
2013/0296174 Al L1/2013 Peumans WO WO 20074073171 6/2007
2014/0079923 Al 3/2014 Geotge et al, WO WO 2007/676128 7/2007
2014/0121118 Al 5/2014 Warner WO WO 2007/076726 7/2007
2014/0155274 Al 6/2014 Xie etal. WO WO 2007/114693 16/2007
2014/0227705 Al 872014 Vogelstein et al. WO WO 2007/120241 10/2007
2014/6274731 Al %2014 Raymond et al, WO WO 2007/139766 1272007
2014/0342921 Al 11/2014 Weiner WO WO 2007/145612 12/2007
2014/0378345 Al 12/2014 Hindson et al, WO WO 2008/022332 2/2008
2015/0051085 Al 2/2015 Vogelstein et al. WO WO 2008/069906 6/2008
2015/0087027 Al 3/2015 Makarov et al, WO WO 2008-069906 A2 * 6/2008
2016/0003812 Al 12016 Poneca ef al. WO WO 2009/032167 3/2009
2016/0024576 Al 1/2016 Chee WO WO 2009/036525 3/2009
2016/0298180 AL 1042016 Chee WO WO 2009/152928 12/2009
2016/0333403 Al 11/2016 Chee WO WO 2009/156725 1272009
2017/0058339 Al 3/2017 Chee WO WO 2010/019826 2/2010
2017/0166962 Al 6/2017 van Eijk et al. WO WO 2010/027870 372010
2018/0112209 Al 472018 Eshoo WO WO 2010/126614 11/2010
2018/0247017 Al $/2018 van Ejjk et al. WO WO 2010/127186 11/2010
2018/0291439 Al 1072018 van Eijk et al. WO WO 2011/014879 22011
WO WO 2011/062933 52011
WO WO 2011/071943 6/2011
FORFIGN PATENT DOCUMENTS WO WO 2011/127006 10/2011
WO WO 2011/127099 1072011
E{’, igggg;; gﬁggg WO WO 2011/143583 1112011
Fp lose393 012008 WO WO 2011/155833 12/2011
Ep 2000017 123008 WO WO 2012/022975 2/2012
Ep 29765 VoLl WO WO 2012/058006 5/2012
P 303070 i WO WO 2012/071428 5/2012
Ep eas0d o0l WO WO 2012/139110 1072012
TP st Aol WO WO 2012/142213 102012
TP et 102014 WO WO 2012/148477 1172012
Ep o127 V2016 WO WO 2013/123442 $/2013
op 0easas ole WO WO 2013/138510 9/2013
p 1979704 aein WO WO 2013/142389 9/2013
P 2047-014297 172007
by 2007-074967 3/2007 OTHER PUBLICATIONS
P 2009-036694 2/2009
}TP 2811'1 82;'3% 92011 Affvmetrix, “Human GenomeU95Av2 " Internet Citation, retrieved
KPR 10-22001;(;3113‘;2 50 I,I;,ggég from the internet: on the World Wide Web alfymetrix.com, retrieved
RU 2145635 2/2000 on Oct. 2, 2002,
RU 2270254 2/2006 Ahern et al. “Biochemical, Reagents Kits Offer Scientists Good
WO WO 1989/010977 11/1989 Return on Investment,” The Scientist, 1995, 9(15)20, 7 pages.
gg xg iggéﬁgg‘;ﬁg gi {gg é Albretsen <t al., “Applications of magnetic beads with covalently
wo WO 1993/035505 12/1995 :tfta:hitiiﬁzltic;zfe}eon_des lnI]]Rl}j:Tl:'lngahOn. Isccl)lan:ﬁl land dste}c\:t;o?
WO WO 1998/044151 1071998 . Spe S Vs rom 1 crude cell Lysate”, Anal.
WO WO 1099/032654 741999 Biochem. 189: 40.50, 1990,
WO WO 2000/018957 472000 A!‘lawi _and Santa;ucia, “Thel:modyn.amics and NMR of Internal
WO WO 2000/024940 5/2000 GAT Mismatches in DNA,” Biochemistry, 1996, 36:10581-10594.
WO WO 2001/007915 2/2001 Anderson et al., “Microarrayed Compound Screening to Identify
WO WO 2001/042796 6/2001 Activators and Inhibitors of AMP-Activated Protein Kinase,” J, of
WO WO 2001/090415 11/2001 Biomolecular Screening, 2004, 9:112,
WO WO 2002/024952 3/2002 Andersson et al., “Analysis of protein expression in cell microar-
WO WO 2002/059355 8/2002 rays: & tool for antibody-based proteomics.,” J Histochem Cytochem.,
WO WO rem0raE 1000 4(la): 1413-1423, 2006,
20 et al., “Decipher; i i
WO WOMMgS L1/ o S Antbody Promarkor Disgnostiet » Curont rocomio,
WO WO 2003/003810 172003 6(1), 1-12, 2009.
WO WO 2003/010176 22003 fA_ngenlndt et al'i “Cell—ﬁ'e"e Pmteinln expressi?n and functional assay
WO WO 2004/028955 4/2004 :19 a nanowell chip format,™ Analytical Chemistry, 2004, 76(7):1844-
WO WO 2004/055159 7/2004 .
WO WO 2004/067759 8/2004 Angenendt et al, “Generation of High Density Protein Microarrays
WO WO 2004/108268 12/2004 by Cell-free in Situ Expression of Unpurified PCR Products,”
WO WO 2005007814 1/2005 Molecular and Ceilular Proteomics, (2006) Ch. 5.9, pp. 1658-1666.

NanoString EX2051.004



US 11,008,607 B2
Page 5

(56) References Clted
OTHER PUBLICATIONS

Armani et al, “2D-PCR: a method of mapping DNA in tissue
sections,” Lab on a Chip, 2009, 9(24):3526-34,

Atkinson, Overview of Translation: Lecture Manuseript, U of Texas
(2000) DD. 6.1-6.8.

Bains et al, “A Novel Method for Nucleic Acid Sequence Defer-
mination”, Journal of Theoretical Biology, 1988, 135(3), 303-7,
Baird et al., “Rapid SNP Discovery and Genetic Mapping Using
Sequenced RAD markers,” PLOS One. 2008, 3(1 0):23376,
Barnes, “PCR amplification of up to 35-kb DNA with high fidelity
and high yield from lambda bacteriophage lemplates.,” Proc, Natl,
Acad, Sci USA, 91: 2216-2220, 1994,

Baugh et al, “Quantitative analysis of mRNA amplification by in
vitro transeription,” Nucleic Acids Res., 2001, 29:5:e29.

Bell, “A Simple Way to Treat PCR Products Prior to Sequencing
Using ExoSAP-IT,” Biotechniques, 2008, vol. 44, No. 6.

Bentley et al, “Accurate whole human genome sequencing using
reversible terminator chemisiry”, Nature, 2008, 456:53-59.

Biclas et al,, “Human cancers express a mutator phenotype,” Proc.
Natl, Acad. Sei. USA, 2006, 103(48): 18238-18242,

Bielas et al., “Quantification of random genomic mutations,” Nat,
Methods, 2005, 2(4):285-290.

Birney, et al, “Identification and analysis of finictional elements in
1 % of the human genome by the ENCODE pilot project,” Nature,
2007, 447:799-816.

Rlokzijl et 4], “Profiling protein expression and interactions: prox-
imity ligation as a tool for personalized medicine,” J Infern. Med,,
2010, 268:232-245.

Blow, “Tissue Issues,” Nature, 448(23), 950962, 2007.

Bonfield et al.. “The application of numerical estimates of base
calling accurzcy to DNA sequencing projects,” Nucleic Acids
Research, 1995, 23(8):1406-1410,

Bowtell, “The genesis and evolution of high-made serous ovarian
cancer,” Nat, Rev, Cancer, 2010. (11 ):803-808 Abstract.

Brandon et al,, “Mitochondrial mutations in cancer,” Onecogene,
2006, 25(34)4647-4662.

Brenner et al, “In vitro cloning of complex mixtures of DNA on
microbeads: physical separation of differentially expressed cDNAs,”
Proc. Natl. Acad. Sci. USA, 2000, 97, 1665-1670.

Brenner et al, “Gene expression analysis by massively paraliel
signature sequencing (MPSS) on microbead arrays”, Nat. Biotech.
18: 630-634, 2000.

Brockman et al., “Quality scores and SNP detection in sequencing-
by-synthesis systems,” Methods, 2008, 18:763-770.

Bullard et al,, “Direct comparison of nick-joining activity of the
nucleic acid ligases from bacteriophage T4,” Biochem. J. 2006,
398;135-144,

Bums et al., “Well-less, gel-permeation formats for ultra-HTS,”
DDT, 2001, 6(12):540-547,

Buston et al., “Coverslip Mounted-Immersion Cycled in Situ RT-
PCR for the Localization of mINA in Tissue Sections,” Biotechniques.
1998, 24; pp. 92-100.

Carison et al., “Function and Structure of a Prokaryotic Formyiglycine-
generating Enzyme,” I, of Biological Chemistry, 2008, 283(20):20117-
125,

Carter et al,, “Stabilizaticn of an optical microscope to 0.1 rim in
three dimensions,” Applied Optics, 2007, 46:421-427,

Ceruiti ot al., “Generation of sequence-specific, high affinity anti-
DNA antibodies,” Journal of Biological Chemistry, 2001.
276(16):12769-§2773,

Cna ef al,, “Specificity, Bfficiency and Fidelity of PCR.” Genome
Res., 1993, 3i518-29.

Chandra et ak., “Cell-free synthesis-based protein microarrays and
their applications.” Proteomics, 2009, 5(6):717-30.

Chaterjee et al.. “Protein Microatray On-Demand: A Novel Protein
Microarray System.” PLos One, 2008, 3(9).e3265.

Chattertce, et al., “Mitochondrial DNA mutations in human cancer.
Oncogene,” 2006, 25(34)4663-4674.

Chen et al., “A Homogeneous, Ligase-mediated DNA diagnostic
test,” Genome research, 1998, 8(3):549-556.

Chen et. al., “DNA hybridization detection in 4 microfluidic Chan-
nel using two fluorescently labelled nucleic acid probes,” Biosen-
sors and Bioelectronics, 2008, 23:1878-1882.

Cheng et al., “Sensitive Detection of Small Molecules by Compeli-
tive Immunomagnetic-Proximity Ligation Assay,” Anal Chem. 2012,
84:2129-2132,

Condina et al., “A sensitive magnetic bead method for the detection
and identification of tyrosine phosphorylation in proteins by MALDI-
TOF/TOF MS,” Proteomics, 2009, 9:3047-3057.

Constantine et al., “Use of genechip high-density oligonucieotide
arrays for gene expression monitoring,” Life Sceience News, Amersham
Life Science; 11-14, 1998.

Cornett et al., “MALDI imaging mass spectrometry: molecular
snapshots of biochemical systems,” Nature Methods, 2007, 4(10):828-
833,

Cujec et al, “Selection of v-abl tyrosine kinase substate sequences
from randomnized peptide and cellular pioteomic libraries using
mRNA. display,” Chemistry and Biology, 2002, 9:253-264,

Dahl et al,, “Circle-to-circle amplification for precise and sensitive
DNA analysis,” Proc. Nafl. Acad, Sci.,, 2004, 101:4548-4553.
Darmanis, et al., “ProteinSeq: High-Performance Proteomic Analy-
ses by Proximity, Ligation and Next Generation Sequencing,” PLos
One, 2011, 6(9):e25583,

Daubendiek et al., “Rolling-Circle RNA Synthesis: Cireular Oligo-
nucleotides as Efficient Substrates for T7 RN A Polymerase,” I. Am.
Chem. Soc,, 1995, 117:77818-7819.

Dean et al., “Cotmprehensive human genome amplification vsing
multiple displacement amplification,” Proc Natl. Acad. Set. USA
08:5261-66, 2002,

Dhindsa et al., “Virtual Electrowetting Channels: Electronic Liquid
Transport with Continuous Channel Functionality,” Lab Chip, 2010,
10:832-836,

Dressman et al., “Transforming single DNA molecules into fluo-
rescent magnetic particles for detection and enumeration of genetic
variations,” Proc. Natl. Acad. Sci. USA, 2003, 100:8817-8822.
Drmanac et al., “Accurate sequencing by hybridization for DNA
diagnostics and individual genomics,” Nature Biotechnology, 16:54-
58, 1998,

Druley et al., “Quantification of rare allelic variants from pooled
genomic DNA,” Nat. Methods 6: 763-65, 2009

Duncan et al., “Affinity chromatography of a sequence-specific
DNA binding protein using teflon-linked oligonucleotides™, Anal.
Biochem, [69: 104-108, 1988,

Eberwine et al., “Analyisis of gene expression in single live
neurons,” Proc. Natl, Acad. Sci., USA 89, 3010-3014, 1992,
Eberwine “’Amplification of mRNA Populations Using aRNA
Generated from Immobi-lized Oligo(d1)-T7 Primed c¢DNA,”
BioTechniques 20 (4), 584, 1996,

Eguiluz et al,, “Multitissue array review: A chronological descrip-
tion oftissue array techniques, applications and procedures,” Pathol-
ogy Research and Practice, 2000, 202:561-568.

Eldridge et al. “An in vitro selection strategy for conferring protease
resistance to ligand binding peptides,” Protcin Eng Des Sel., 22(11}):
691-698, 2009.

EHington et al., *Antibody-based protein multiplex platforms: tech-
nical and operational challenges,” Clin Chem 56(2): 186-193, 2010,
Examination Search Report issued in Austialinn Appln, Mo, 2010278710,
dated Feb. 11, 2014, 4 pages.

Examination Search Report issued in Australian Appin. No. 2010328226,
dated May 9, 2013, 4 pages.

Examination Search Report issued in Avstralian Appla. No. 2011237728,
dated Jul. 9, 2013, 3 pages.

Examination Search Report issued in Aastralian Appin, No, 2014203638,
dated Oct. 1, 2015, 2 pages.

Extended European Search Report issued in European Appin. No.
10836568.5, dated Feb. 13, 2013, 6 pages.

Extended Buropean Search Report issued in European Appln, No,
11766613.1, dated Jan. 15, 2014, 4 pages.

Extended Buropean Search Report issued in European Appln. No.
12767937, dated Nov. 18, 2014, 5 pages.

Extended European Search Report issved in Furopean Appln. Neo.
14765026.1, dated Sep. 26, 2016, 9 pages.

NanoString EX2051.005



US 11,008,607 B2
Page 6

(56) References Cited
OTHER PUBLICATIONS

Extended Furopean Search Reportissued in European Appin. No.
14816674.7, dated Feb. 3, 2017, 8 pages.

Extended Buropean Search Report issued in Buropean Appin, No,
148180128, dated Feb, 3, 2017, 8 pages.

Extended European Search Repont issued in European Appln. No.
16183356.1, dated Apr, 24, 2017, 12 pages.

Fan et al,, “Highly parallel SNP genotyping,” Cold Spring Symp.
Quant. Biol., 68: 69-78, 2003,

Fire and Xu, “Rolling replication of short DNA circles,” Proc. Natl,
Acad. Sci. 92: 4641-4645, 1995,

Fodor et al., “Light-Directed, Spatiaily Addressable Paraliel Chemi-
cal Synthesig” Science, 251(4995), 767-773, 1995,

Fredriksson et al.. “Multiplexed protein detection by proximity
ligation for cancer detection,” Nature Methods, 4(4); 327-29, 2007.
Fredriksson et al., “Multiplexed proximity ligation assays to profile
putative plasma biomarkers relevant to pancreatic and ovarian
cancer,” Clin. Chem., 5(3): 582-89, 2008.

Fredriksson et al., “Protein detection using proximity-dependent
DNA ligation assays,” Nature Biotech., 2(: 47377, 2002,

Frese et al, “Formylglycine Aldehyde Tag-Protein Engineering
through a Novel Posttranslational Modification,” ChemBicChem.
10: 425-27, 2009,

Pu et al., “Counting individval DNA molecules by the stochastic
aliachmenl of diverse labels,” PNAS, 10.8: 9026-9031, 2011,
Fullwood et al., “Next-generation DNA. sequencing of paired-end
tags (PET) for transcriptome and genome analyses,” Gonome Res.,
19: 521-532, 2009,

Gao et al,, “High density peplide microarrays. In situ synthesis and
applications,” Molecular Diversity, 8, 177-187, 2004,

Geiss et al,, “Direct multiplexed measurement of gene expression
with color-coded probe pairs,” nature biotechnology, 2008, 26{3)317-
325.

Gnanapragasam, “Unlocking the molecular archive: the emerging
use of formalin-fixed paraffin-ombedded tissue for blomarker research
in urological cancer,” BJU Intemational, 105, 274-278, 2009,
Goldkom and Prockop, “A simple and efficient enzymatic method
for covalent attachment of DNA to ceflulose. Application for
hybridization-restriction analysis and for in vitro synthesis of DNA
probes,”, Nucleic Acids Res. 14: 9171-9191, 1986.

Gunderson et al., “Decoding Randomly Ordered DNA Arrays,”
Genome Research 14: 870-877, 2004.

Hammond et ai., “Profiling cellular protein complexes by proximity
ligation with dual tag microatray readout,” PLoS ONE, 2012,
T(7):e-404035,

Han et al., “3C and 3C-based techniques: the powerful tools for
spatial genome organization deciphering”, Molecular Cytogenctics
(2018) 11: 21, 10 pages, 2018,

He et al., “In silu synthesis of protein arrays,” Current Opinion in
Biotechnology, 19: 4-9, 2008.

He et al., “Printing protein arrays from DNA arrays,” Nature
Methods, 5: 175-77, 2008.

He. “Cell-free protein synthesis: applications in proteomics and
biotechnology,” New Biotechnology 25: 126-132, 2008.

Hedskog et al., “Dynamics of HIV-1 Quasispecies during Antiviral
Treatment Dissccted using Ultra-Deep Pyrosequencing,” PLoS One.
5(7): e11345, 2010,

Hein et al., “Click Chemistry, A Powerful Tool for Pharmaceutical
Sciences”, Pharm Res., 25(10): 2216-2230, 2008,

Hejatko et al,, “In Situ Hybridization Techniques for mRNA Detec-
tion in Whole Mount Arahidopsis Samples,” Nature Protocols,
2006, 1(4):1939-1946.

Hiatt et al., “Parallel, tag-directed assembly of locally-derived short
sequence reads,” Nalure Methods, 7(2): 119-25, 2010.

Inoue and Wittbrodt, “One for All—A Highly Efficient and Versatile
Method for Fluorescent Immunostaining in Fish Embryos,” PLoS
One 6, e19713, 2011,

Invitrogen, Immune Response Biomarker Profiling Service Report,
Invitrogen. 2009, 1-33,

Jabara ef al., Accurate sampling and deep sequencing of the HIV-1
protease gene using a Primer ID, PNAS 108(50); 20166-20171,
2011.

Jamur and Oliver. “Permeabilization of cell membranes.,” Method
Mal. Biol., 588: 63-66, 2010,

Jones et al., Comparative lesion sequencing provides insights info
tumor evolution, Proc. Natl. Acad. Sci. USA 105(11): 4283-4288,
2008,

Kanehisa, “Use of statistical criteria for screening potential homolo-
gies in nucleic acid sequences ”, Nucloic Acids Res. 12: 203-213,
1984,

Kap «t al., “Histological Assessment of PAXgene Tissuc Fixation
and Stabilization Reagents.” PLoS One 6, ¢27704. 10 pages, 2011,
Kapteyn et al, “Incorporation of Non-Natural Nucleotides Into
Template-Switching Oligonucleotides Reduces Background and
Improves cDNA Synthesis From Very Small RNA Samples,” BMC
Genomics, 2010, 11¢(413). 1-9.

Kolb et al., “Click Chemistry: Diverse Chemical Function from a
Few Good Reactions.”, Angew. Chem. Int. Ed., 40(11): 2004-2021,
2001,

Eorbel et al., “Paired-End Mapping Reveals Exiensive Structural
Variation in the Human Genome.” Science, 318(5849): 420-426,
2007,

Korlach et al., “Selective ahuminum passivation for targeted immo-
bilization of single DNA polymerase molecules in zero-mode
waveguide nanosfructures,.” Proc. Natl. Acad, Sci. USA 105, 1176-
1181, 2008.

Kozlov et al, “A High-Complexity Multiplexed Solution-Phase
Assay for Profiling Protease Activity on Microarrays,” Comb.
Chem. And Hiah Throuahout, 11: 24-35, 2008.

Kozlov et al,, “Highly Scalable Peptide-Based Assay System for
Proteomics,” PLoS ONE, T(6): 37441, 2012,

Koziov et al., “A Method for Rapid Protease Substrate Evaluation
and Optirization,” Comb. Chem. and Hiah Throuahout, 9: 481-87,
20086,

Kurz et al.. “eDNA-Protein Fusions: Covalent Protein-Gene Con-
jugates for the In Vitro Selection of Peptides and Proteins,”
ChemBioChem., 2: 666-72, 2001,

Late et al., “Whole Genome Analysis of Genelic Alterations in
Small DNA Samples Using Hyperbranched Strand Displacement
Amplification and Acray—CGH,” Genome Research 13: 294-307,
2003,

Langdale et al., “A rapid method of gene detection using DNA
bound to Sephacryl”, Gene 36: 201-210, 1985.

Larman et ai., “Auntoantipen discovery with a synthetic human
peptidome,” Nature Biotechnology, doi:1 0.1038/nbt.1856, vol. 29.
No. 6, pp. 535-541, 2011,

Lassmann ¢t al., A Novel Approach for Reliable Microarray Analy-
sis of Microdissected Tumor Cells From Formalin-Fixed and Paraffin-
Embedded Colorectal Cancer Resection Specimens, J Mol Med, §7,
211-224, 2009

Leriche et al., “Cleavable linkers in chemical biology.”, Bicorganic
& Medicinal Chemistry, 20; 571-382, 2012,

Levene et al., “Zero-Mode Wavegnides for Single-Molecule Analy-
sis at High Concentrations,” Science 299, 682-686, 2003,

Li et al., *A photocleavable fluorescent nucleotide for DNA sequenc-
ing and analysis,” Proc. Natl, Acad. Sci,, 100: 414-419, 2003,
Linnarsson, “Recent advances in DNA sequencing methods—
general principles of sample preparation,” Experimental Cell Research,
316: 1339-1343, 2010.

Liy et al., “Method for Quantitative Proteomics Research by Using
Metal Element Chelated Tags Coupled with Mass Spectrometry,”
Analytical Chemistry, 2006, 78:6614-6621,

Liu <t al., An infeprated and sensitive detection platform for
biosensing application based on Fe@Au magnetic nanoparticles as
bead array carries Biosensors and Bioelectronics, 2010, 26(4):1442-
1448.

Lizardi et al., “Mutation detection and single-molecule conmnting
using isothermal rolling-circle amplification,” Nat, Genet, 19; 225-
231, 1998,

NanoString EX2051.006



US 11,008,607 B2
Page 7

(56) References Cited
OTHER PUBLICATIONS

Lund et al., “Assessment of methads for covalent binding of nucleic
acids to magnetic beads, Dynabeads, and the characteristics of the
bound nucleic acids in hybridization reactions.”, Nucleic Acids
Res., 16: 10861-80, 1988,

Lundberg et al., “High-fidelity amplification using a thermostable
DNA potymerase isolated from Pvrococcus furiosus.,” Gene., 108(1)
1-6, 1991,

Lundberg et al.,, “Homogeneous antibody-based proximity exten-
sion assays provide sensitive and specific defection of low-abundant
proteins in human blood,” Nucleic Acids Res., 30(15): el02, 2011.
Lundberg et al., “Multiplexed homogencous proximity ligation
assays for high-throughput protein biomarker research in serologi-
cal material,” Mol Cell Proteomics, 10{(4): M110.004978, 2011.
Lundquist et al., “Parallel confocal delection of single molecules in
real time,” Opt. Lett. 33 1026-1028, 2008.

Lyck, st al., “Immunchistochemical Matkers for Quantitative Stud-
ies of Neurons and Glia in Human Neocortex,” J Histochem
Cytochem 56, 201-21, 2008,

MacIntyre, “Unmasking antigens for immunohistechesni try.,” Br
Biomed Sci, 58, 190-6, 2001,

McCloskey et al., *Encoding PCR Products with Batch-stamps anc
Barcodes.,” Biochem. Genet. 45: 761-767, 2007,

Megee, “Structure and Analysis of Afrmetrix Arrays,” UTSW
Microarsay Analysis Course, Oct. 28, 2005.

McKemnan et al,, “Sequence and structira] variation in a luman
genoms uncovered by short-read, massively paralle! ligation sequenc-
ing using two-base encoding,” Genome Res., 19: 1527-41, 2009.
Metzker “Sequencing teclnlologies—the next generation,” Nature
Reviews Genetics, 11; 31-46, 2010,

Miller et al., “Basic Concepts of Isdicroatrays and Potential Appli-
cations in Clinical Microbiology,” Clinical Microbiclogy Reviews,
vol, 22, No, 4, pp. 611-633, 2009,

Mir et al., “Sequencing by cyclic ligation and cleavage (CycliC)
directly on a microarray captured template,” Nucleic Acids Research,
37(1 ): e5-1, 2009,

Mitsuhashi ef al,, “Gene manipulation on plastic plates,” Nature
357: 519-520. 1992,

Mizusawa et al,, “A bacteriophage lambda vector for cloning with
BamlIl and Sau3A” Gene, 20: 317-322, 1982,

Mortazavi et al., “Mapping and quaniifying mammalian transcriptomes
by RNA-Seq,” Nature Methods, 5(7% 621-8, 2008.

Ng et al., “Gene identification signature (GIS) analysis for transcriptoine
characterization and genoine annotation,” Nature Methods, 2(2):
105-111, 2005,

Ng et al., “Massively parallel sequencing and rare disease,” Human
Malec, Genetics, 19(2); R119-R124, 2010.

NG et al., “Multiplex sequencing of paired-end ditags (MS-PET): a
strategy for the ultra-high-throughput analysis of transeriptomes
and .genomes,” Nucleic Acids Research, Jul. 2006. 34(12): e84, 10
pages.

Niemeyer, “The developments of semisynthetic DNA-protein con-
jugates” TrendsBiotechnol, Sep. 2002 20(9): 395-401,

Muovo, “In situ PCR: protocols and applications.,” Genome Res,
Feb. 1895, 4 (4%:131-167,

Oleinikov et al., “Self-assembling protein arrays using electronic
semiconductor microchips and in vitro translation,” I Proteome Res,
May-Jun, 2003, 2(3% 313-319.

Osada et al., “Epilope mapping using ribosome display in a resconstituted
cell-free protein synthesis system,” J Biochem, May 2009, 145(5)
£93-700.

O-Shannessy et al., “Delection and quantitation of hexa-histidine-
tagged recombinant proteins on western blots and by a surface
plasmon resonance biosensor technique,” Anal Biochem, 229(1):
119-124, 1995,

PCT International Preliminary Report on Patentability issued in
International Appln, No. PCT/US2010/033064, dated Nov. 1, 2011,

6 pages.

PCT International Preliminary Report on Patentability issued in
International Appin, No. PCT/US2010/044134, dated Jan. 31, 2012,
20 pages,

PCT International Preliminary Report on Patentability issued in
International Appln. No. PCT/US2010/059327, dated Jun, 12, 2012,
12 pages.

PCT International Preliminary Report on Patentability issued in
International Appln, No. PCT/US2011/031163 dated Oct. 19, 2012,
7 pages.

PCT International Preliminary Report on Patentability issued in
International Appln. No, PCT/US2011/031308, dated Oct. 9, 2012,
7 pages,

PCT International Preliminary Report on Patentability issued in
International Appln, No. PCTT/US2012/032759, dated Oct, 8, 2013,
17 pages.

PCT International Search Report and Written Opinion issued in
Internztional Appln, No, PCT/US14/44196, dated Nov. 7, 2014, 15
pages.

PCT International Search Report and Written Opinion issued in
International Appln, No. PCT/US14/64588, dated Mar. 11, 2015, 20
pages,

PCT International Search Report and Wriiten Opinion Issued in
International Appln. No. PCT/US2010/033064, dated Jul. 30, 2010,
8 pages.

PCT International Search Report and Written Opinion issted in
International Appln. No. PCI/US2010/044134, dated Mar. 18,
2011, 16 pages.

PCT International Search Report and Written Opinion issned in
International Appin. No. PCT/US2010/059327, dated Mar. 29,
2011, 12 pages.

PCT International Search Report and Written Opinion issued in
International Appln. No. PCT/US2011/031163. dated May 23, 2011,
8 pages,

PCT International Search Report and Written Opinion issued in
International Appln, No. PCT/US2011/031308, dated Jun. 7, 2011,
8 pages.

PCT International Search Report and Written Opinion issued in
Intemnational Appin, No, PCT/US2012/032759, dated Sep, 28, 2012,
14 pages.

Perler et al., “Infervening sequences in an Archaca DNA polymerase
gene,” PNAS USA, Jun. 1992, 89(12); 5577-5581.

Petterson el al., “Generations of sequencing technologies,” Genom-
ics, 2009, 05-111,

Polsky-Cynkin et al, “Use of DNA Immobilizedon Plastic and
Agarose Supports to DetectDNA by SandwichHybridization”, Clin,
Chemn. 31: 1438-1443, 1985,

U.S. Appl. No. 61/267,363, filed Dec. 7, 2009 (Year: 2009).
Ramachandran et al., *“Next-generation high-density self-
assembling functional protein arrays,” Nature Methods, Jun. 2008,
5(6):535-538.

Ranki et al., “Sandwich hybridization as a convenient method for
the detection of nucleic acids in crude samples”, Gene 21: 77-85,
cellulose, 1983,

Roberts at al., “RNA peptide fusions for the in vitro selection of
peptides and proteins,” PNAS USA, Nov. 1997, 94; 12207-122302,
Ronaghi et al., “A sequoncing method based om real-time
pyrophosphate,” Science, Jul. 1998, 281(3375); 363-365.
Ronaghi et al;, “Real-time DNA sequencing wsing detection of
pyiophosphate release,” Analytical Biochemistry, Nov. 1996, 242(1
}: 84-89,

Ronaghi, *“Pyrosequencing sheds light on DNA sequencing,” Genome
Res, Salulary 2001, 11(1):3-11.

Roltillard et al., “OligoArmay 2.0: design of oligonucleotide probes
for DNA micrearrays using a thesmodynainic approach,™ Nue, Acid
Research. Jun. 2003, 31¢12): 3057-3062.

Rolnienberg et al., “Microfluidic probe: a new (ool for intearating
microfluidic environments and electranic wafer-orobina,” Lab Chip,
Oct. 2009, 10: 123-127, .

Rubin et al., “Whole-genome resequercing reveals loci under
selection during chicken domestication.,” Nature, Mar. 2010, 464:
587-591.

NanoString EX2051.007



US 11,008,607 B2
Page B

(56) References Cited
OTHER PUBLICATIONS

Rush et al.. “New Aldehyde Tag Sequences Identified by Screening
Formylgylcine Generating Enzymes in Vitro and in Vivo,” . of
American Chemical Society, Aug. 2008, 130(37): 12246-12241.
Schena ¢t al., “Quantitative monitoring of gene cxpression patteins
with a complementary DNA microamay,” Science, Oct. 1995,
270(5235):467-470.

Schena et al,, “Entering the Postgenome Fra,” Science, 1995,
270:368-9, 371,

Schlapak et al,, “Glass surfaces grafted with high-density poly
(ethylene glycol) as substrates for DNA oligonucleotide microar-
rays,” Langinuir, Jan. 2006, 22: 277-285,

Schmitt et al., “Detection ofultra~rare mutations by next-generation
sequencing,” PNAS (2012) 109:14508-14523.

Sergeeva et al., “Display technologies: Application for the discov-
ery of drag and gene delivery aaents,” Advanced Drua Delivery
Reviews (2006) 58(15);:1622-1654.

Seurynck-Servoss et al, “Evalvation of Surface Chemistries for
Antibody Mieroarsays”, Anal Biochem., 371(1): 105-115, 2007,
Shelbourne et al., “Fast copperfree click DNA ligation by the
ring-strain promoted alkyne-azide cycloaddition reaction.”, Chem.
Commun., 47: 6257-6259, 2011.

Shendure et al., “Accurate Multiplex Molly Sequencing of an
Evolved Bacterial Genome,” Science, 2005, 309:1728-1732,

Shi et al., “The MicroArray Quality Control (MAQC) praject shows
inter- and intraplatform reproducibility of gene expression measure-
ments,” Nature Biotechnology, 2006, 24(9): 1151-61.

Shirai et al., “Novel Tools for Analyzing Gene Expressions in Single
Cells,” The 5th International Workshop on Approaches to Single-
Cell Analysis, The University of Tokyo. Mar. 3-4, 2011, 1 page.
Shoemaker et al., “Quantitative phenotypic analysis of yeast dcle-
tion mutants using 2 highly parallel molecular bar-coding strategy,”
Nature genetics (1996) 14:450-456.

Shults et al.. “A multiplexed protein kinase assay,” Chem Bio Chem
(2007) 8:933-942,

Sievertzon et al., “Transcriptome analysis in primary neural stein
cells using a tag cDNA amplification method.” BMC Neuroscience,
Dec, 2005, 6: 28,

Slonim and Yanai, “Getting started in gene expression microarray
analysis,” Plos Computational Biology, 2009, 5(10):21000543,
Soni and Meller, “Progress toward ultrafast DNA sequencing using
solid-state nanopores,” Clin Chem., 2007, 53: 1996-2001.
Spurgeon et al., “High Throughput Gene Expression Measurement
with Real Time PCR in a Microfluidic Dynamic Array,” PlosONE,
2008. 3(2).el662. .

Sumitome et al, “Ca2+ ion transport through channels formed
by—hemolysin analyzed using a microwell array on a Si substrate,”
Biosensors and Bioelectromics, 2012, 31(1):445-450.

Summersgill et al., “Fluorescence In Situ Hybridization Analysis of
Formalin Fixed Paraffin Embedded Tissues, Including Tissue Microar-
tays,” Chapter 4, Bridger, J. Ed., Methods in Molecular Biology
659, 2010, 51-70, 2010,

Sun et al., “Direct immobilization of DNA probes on non-modified
plastics by UV irradiation and integration in microfividic devices for
rapid bioassay,” Anal. Bio. Chem., 402: 741-748, 2012,
Takahashi et al., “In Vitro Selection of Protein and Peptide Libraries
Using mRNA Display,” Nucleic Acid and Peptide Aptamers: Meth-
ods and Protocols (2009) 535:293-314 (Ch.17).

Tang et al., “RNA-Seq analysis to capture the transcriptome land-
scape of a single cell.” Nat Proioc., 5: 516-35, 2010,

Taniguchi et al., “Quantitative analysis of gene expression in a
single cell by qPCR,” Nature Methods, 6, pp. 503-506, 2009,
Taylor et al,, “Mitochondrial DNA mutations jn human disease,”
Nature Reviews Genetics. May 2005, 6(5):389-402.

Tegtmeyer et al., “Alternative Interactions of the SY40 A Protein
with DNA,” Virology, 1981, 115:75-87.

Thiery et al., “Multiplex target profein imaging In tissue sections by
mass specirometry—TAMSIM," Rapid Commun. Mass Specirom.,
2007, 21:823-829,

Thornton, “High rate thick film growth.” Ammual review of materials
science, Aug. 1977, 7(1)%:239-60.

Tian et al., “Antigen peptide-based immunosensors for rapid detec-
tion of anfibodies and antigens,” Anal Chem May 26, 2009, 81
(13):5218-5225,

Tijssen et al., “Overview of principles of hybridization and the
strategy of micleic acid assays” in Techniques in Biochemistry and
Molecular Biology—Hybridization with Nucleic Acld Probes, 1993,
24(Chapter 2), 65 pages.

Tolbert et al,, “New Methods for Proteomic Research: Preparation
of Proteins with N-Terminal Cysteines for Labeling and Conjuga-
tion” Angewandte Chemie Internatiomal Edition, Jun. 17, 2002,
41(12%:2171-4.

US. Appl. No. 60/416,118 Fan et al., Multiplex Nucleic Acid
Analysis Using Archived or Fixed Samples, filed Oct. 3, 2002, 22
pages.

Valencia et al., “mRNA-display-based selections for proteins with
desired functions; A protease-substrate case study,” Biotechnology
Progress, 2008, 24(3): 561-569,

Van Gelder et al, “Amplified RINA synthesized from limited
quantities of heterogeneous cDNA,™ Proc, Natl, Acad. Sei. USA 87,
1663-1667, 1990,

Van Ness et al, “A versatile solid support system for
oligodeoxynucleotide probe-based hybridization assays”, Nucleic
Acids Res. 19: 3345-3350, 1991,

Velculescu et al., “Serial analysis of gene expression.” Science, Oct,
20, 1995, 270(5235):484-7. .
Vogelstein ef al,, “Digitd PCR,” Proceedings of the Nationat
Academy of Sciences. Aug, 3, 1999, 96:0236-9241.

Wade et al., “Genome sequence, comparative analysis, and popu-
lation genetics of the domestic horse.,” Science., 326: 865-7, 2009,
Waldman et al., “Funcfional immobilization and patterning of
proteins by an enzymatic transfer reaction.” Analytical chemistry,
Jan, 21, 2010,82(4):1478-85.

Walker et al,, “Strand displacement amplification—an isothermal,
in vitro DNA amplification technique.” Nucleic acids research, 1992
Apr. 11, 1992, 20(7):1691-1696.

Wang et al., “Single cell analysis: the new frontier in ‘omics’.
,"Trends Biotechnol., 28: 281-90, 2010.

Wang et al,, “High-fidelity mRNA amplification for gene profiling,”
Nature biotechniology. Apr. 2000, 18(4):457-459,

Waxman ef al., “De-regulation of common housekeeping genes in
hepatocellular carcinoma,” BMC Genomics, 2007, 1-9,
Weichhart et al., “Functional selection of vaccine candidate peptides
from Staphylococcus aurens whole-genome expression libraries in
vitro,” Infection and Immunity, 2003, 71 (S):4333-4641.
Willi-Monnerat et al., “Comprehensive spatiotemporal transcriptonic
analyses of the vanghonic eminences demonstrale the uniqueness of
its caudal subdivision,” Molecular and Cellular Nueorsciences
37(4):845-856, 2008.

Wolf et al., “Rapid hybridization kinetics of DNA attached to
submicron latex particles”, Nucleic, Acids Res. 15: 2911-2926,
1987.

Wong et al., “Direct Site-Selective Covalent Protein Immobilization
Catalyzed by a Phosphopantetheiny! Transferase,” J, Am. Chem
Soc., 2008, 130:12456-64.

Woo et al,, “A Comparison of cDNA, Oligomucleotide, and Affymetrix
GeneChip Gene Bxpression Microarray Platfoinis,” Journal of Bio-
molecular Techniques, 2004, 15(4), 276-284.

Worthington et al., “Cloning of random oligonucleotides Lo create
single-insert plasmid libratles,” Analyt. Biochem, 2001, 294:169-
175.

Wu et al,, “Detection DNA Point Mutation with Rolling-Circle
Amplification Chip,” Bioinfomfatics and Biomedical Engineering
(ICBBE), 2010 4th International Conference on IEEE, Piscatway,
NJ, USA, Jun. 18, 2010, 1-4 pages.

Xiao et al., “Direct determination of haplotypes from single DNA
molecules,” Nature Methods, 2009, 6(3):199-01,

Yin et al., “Genetically encoded short peptide fag for versatile
protein labeling by Sfp phosphopantetheinyl transferase,” PNAS,
2005, 102(44):15815-20.

Yonezawa et al., “DNA display for in vitro selection of diverse
peptide libraries,”” Nucleic Acids Research , 2003. 31 (i9):el18.

NanoString EX2051.008



US 11,008,607 B2
Page 9

(56) References Cited
OTHER PUBLICATIONS

Zhang ef al., “Binding-induced DNA assembly and its application to
yoctomole detection of proteins,” Anal Chem (2012) 84(2).877-
884,

Zheng et al,, Crigins of bunion mitochondrial point mutations as
DNA polymerase mediated errors. Mufat. Res. 599(1.2): 11-20,
2008,

Zhou et al., “Genetically Encoded Short Peptide Tags for Orthogo-
nal Protein Labeling by St and Ac S Phos ho entethein | Transferases,”
ACS Chemical Biolo 2007 2 5 : 337-346.

Zhu et al,, “Reverse Transcriptase Template Switching: A SMART
Approach for Full-Length ¢cDNA Library Construction,” BioTechniques,
2001, 30(4): 892-897,

Zilberman et al., “Genome-wide analysis of DNA methylation
patterns,” Development {2007} 134: 3059-3965.

Tvialkov et al., “Mulliplexed measurements ¢f gene signatures in
different analytes using the Nanostring nCounter™ Assay System.”
BMC research notes., 2009, 2:80,

Materna et al,, “High accuracy, high-resolution prevalence mea-
surement for the majority of locally expressed regulatory genes in
early seaurchin development,” Gene Expr Patterns., 2010, 10(45):177-
184.

* gited by examiner

NanoString EX2051.009



U.S. Patent = may 18, 2021 Sheet 1 of 5 US 11,008,607 B2

100

PROVIDE BIOLOGICAL SAMPLE AFEIXED TO A SUPPORT — 110

DELIVER ENCODED PROBES TO THE BIOLOGICAL ~ 120
SAMPLE ACCORDING TO A KNOWN SPATIAL PATTERN

¥

ALLOW ENCODED PROBES TO INTERACT WITH o~ 130
BIOLOGICAL TARGETS IN THE BIOLOGICAL SAMPLE

y

SEPARATE ENCODED PROBES THAT INTERACTED WITH | 140
THE BIOLOGICAL TARGETS FROM ENCODED PROBES
THAT DID NOT INTERACT WITH BIOLOGICAL TARGETS

/

DETERMINE THE SEQUENCE OF THE ENCODED PROBES [ 150
¥
MAP THE ASSAY RESULTS TO LOCATIONS ONTHE L 160
BIOLOGICAL SAMPLE
FIG. 1

NanoString EX2051.010



U.S. Patent May 18, 2021 Sheet 2 of 5 US 11,008,607 B2

200

PROVIDE BIOLOGICAL SAMPLE AFFIXED TO SUPPORT |~ 210

¥
DELIVER PROBES TO THE BIOLOGICAL SAMPLE [~ 220

¥

ALLOW PROBES TO INTERACT WITH THE BIOLOGICAL [ 230
SAMPLE

;

SEPARATE PROBES THAT INTERACT WITH TARGETS [~ 240
IN THE SAMPLE FROM PROBES THAT DO NOT
INTERACT WITH TARGETS IN THE SAMPLE

¥

DELIVER ENCODING CLIGONUCLEOTIDES TO THE - 250
BIOLOGICAL SAMPLE ACCORDING TO A KNOWN
SPATIAL PATTERN

¥

COUPLE THE ENCODING OLIGONUCLEOTIRDES TO 260
THE PROBES

¥

DETERMINE THE SEQUENCE OF THE ENCODING [~ 270
OLIGONUCLEOTIDES COUPLED TO PROBES

¥

MAP THE BIOLOGICAL TARGETS TO LOCATIONS ON [~ 280
THE BIOLOGICAL SAMPLE

FIG. 2

NanoString EX2051.011



305 307
/ /
: : -~ 303
301 —~ —
L 302
¥
301 —— (Target n 303
300 313
Pt X J— Y P2
7 \ p— ' 7
% ( 311 ? 304 y A
319 315 317 371
5 ; Adapter 1 | P1 P2 |  Adapter2
{ { { {
327 318 501 a5 303 321 329
{ ' {
Ly Adapter 1 P X Target n Y P2 Adapter 2
7 7 7
{ Cod { { | (0 {
327 319 315 311 308 313 317 325 329
FIG. 3

Juayed ‘SN

1202 ‘8T AeN

¢ JO £ 1994§S

5!

5!

74 L09°8060°TT SN

NanoString EX2051.012



US 11,008,607 B2

Sheet 4 of 5

May 18, 2021

U.S. Patent

402

FIG. 4A

"h* pattern

(

420 422

{

g pattern

FIG. 4B

v 414

/7 : %

2O0BOCVDDVLDD
> OOV
© 58860882689
~ 8886822988
© SOSCOEo9SS
0 S8900S8SSS

' 418

T SS00S00080 -
< DDRD200022
~ HATTOTOINS
-$06600008¢

8dgs
BS29559200
@S2

| NS SIS )

123456?&96
i\ w.

412 <

FIG. 4C

416 <

NanoString EX2051.013



U.S. Patent May 18, 2021

910 <

aiT2b1
aZt1b1
a2T2bi
a3T1b1
a3T2b1
adT1b1
aiT1b2
att1zb2
a2T1bz

540 <

af
ad
a3
a4

al
az
a3
a4

a2T2b2
a3T1h2
a3T2b2
adT1b2
aiT1b3
a2T1b3
a3Tib3
adT1b3
adT1b4

Sheet 5 of 5

b1

b2 TS0
b3 TS02

b1 b2 b3 b4

520

~

0102010
OO0 | 5
CO0O0
OCOO

at
a2
a3
ad

FIG. 5

b1 b2 b3 b4

G&s O
@eso
@O

US 11,008,607 B2

~

> 550

NanoString EX2051.014



US 11,008,607 B2

1

SPATIALLY ENCODED BIOLOGICAL
ASSAYS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of ULS, patent applica-
tion Ser. No. 16/988,284, filed on Aug. 7, 2020, which is a
continuation of U.S. patent application Ser. No. 16/414,213,
filed May 16, 2019, now U.S, Pat. No. 10,787,701, which is
a continuation of U.S. patent application Ser. No. 16/402,
098, filed May 2, 2019, now U.S. Pat. No. 10,472,669,
which is a continuation of U.S, patent application Ser. No.
16/276,235 filed Feb. 14, 2019, now U.S. Pat. No, 10,482,
022, which is a continuation application of U.8. patent
application Ser, No. 15/187,661, filed Jun. 20, 2016, now
1.8, Pat, No. 10,308,982, which Is a continuation of Ser. No.
13/080,616 filed Apr. 5, 2011, now 11.8. Pat. No, 9,371,598,
which claims the benefit of U.S. Provisional Paient Appli-
cation No. 61/321,124, filed Apr. 5, 2010 and is incorporated
herein by reference.

FIELD OF THE INVENTION

This invention relates to assays of hiological molecules,
arnd more particularly to assays for determining spatial
distributions of a large number of biological molecules in a
golid sample simultancousty.

BACKGROUND OF THE INVENTION

In the following discussion certain articles and methods
will be described for background and introductory purposes.
Nething contained herein is to be construed as an “admis-
sion™ of prior art. Applicant expressly reserves the right to
demonstrate, where appropriate, that the articles and meth-
ods referenced herein do not constitute prior art under the
applicable statutory provisions.

Comprehensive gene expression analysis and protein
analysis have been vseful tools in understanding mecha-
nisms of biology. Use of these tools has allowed the iden-
tification of genes and proteins involved in development and
in various diseases such as cancer and autoimmune disease.
Conventional methods such as in situ hybridization and
other multiplexed detection of different transcripts have
revealed spatial patterns of gene expression and have helped
shed light on the molecular basis of development and
disease. Other technoiogies that have enabled the quantita-
tive analysis of many RNA sequences per sample include
microatrays (see Shi, et al., Nature Biotechnology, 24(9):
1151-61 (2006); and Slonim and Yanai, Plos Computational
Biology, 5(10):e1000543 (2009)); serial analysis of gene
expression (SAGE) (see Veleulescu, ot al, Science, 270
(5235):484-87 (1595)), high-throughput implementations of
qPCR (see Spurgeon, et al., Plos ONE, 3(2):e1662 (2008))
and in situ PCR. (see Nuove, Genome Res., 4:151-67
(1995)). As useful as these methods are, however, they do
not enable simultanecus measurement of the expression of
many genes or the presence and/or activity of multiple
proteins at many spatial locations in a sample. Laser capture
microdissection has permitted the analysis of many genes at
a small number of locations, but it is very expensive,
laborious, and does not scale well. Certain PCR assays in a
2D format preserve spatial informaticn (see Armani, et al.,
Lab on a Chip, 9(24%: 3526-34 (2009)), but these methods
have low spatial resclution becawse they rely on physical
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transference of tissue into wells, which also prevents ran-
dom access to tissue samples and high levels of multiplex-
ing,

At present, no practical method exists to analyze at high
resolution the spatial expression patterns of large numbers of
genes, profeins, or other biologically active molecules
simultaneously. There is thus a need for reproducible, high-
resolution spatial maps of biological molecules in tissues.
The present invention addresses this need.

SUMMARY OF THE INVENTION

This Summary is provided to introduce a selection of
concepts in a simplified form that are further described
below in the Detailed Description. This Summary is not
intended to identify key or essential features of the claimed
subject matter, nor is it intended to be used to limit the scope
of the claimed subject matter, Other features, details, utili-
ties, and advantages of the claimed subject matter will be
apparent. from the following written Detailed Description
including those aspects illustrated in the accompanying
drawings and defined in the appended claims.

The invention encompasses assay systems that provide
high-resolution spatial maps of bioogical activity in tissues.
The assay system comptises an assay capable of high levels
of multiplexing where encoded probes are provided to a
biological sample in defined spatial patterns; instrumenta-
tion capable of controlled delivery of reagents according to
ihe spatial patterns; and a decoding scheme providing a
readout that is digital in pature. In short, the present inven-
tion provides the ability to look at many biological targets in
many locations, providing the resclution of in situ hybrid-
jzation with the highly-parallel data analysis of sequencing.

Thus, in some embodiments, the invention provides an
assay system to determine spatial patterns of abundance or
activity or both of multiple biological targets at multiple
sites in a sample, where the assay system performs the
following steps: providing a sample affixed to a support;
delivering encoded probes for the multiple biological targets
to the multiple sites in the sample in a known spatial pattern,
where each encoded probe comprises a probe region that
may inferact with the biological targets and a coding tag that
identifies a location of the site 1o which the encoded probe
was delivered; allowing the encoded probes to interact with
the biological targets; separating encoded probes that inter-
act with the biological targets from encoded prebes that do
not interact with the biological targets; determining atl or a
portion of a sequence of the encoded probes, and assaciating
the abundance or activity or both of the multiple biological
targets to the locations of the sites in the sample.

In particular aspects of the invention the biological targets
comprise nucleic acids and the encoded probes are oligo-
nucleotides, and in some aspects, there are two encoded
probes for each of the multiple nucleic acid targets, In some
aspects, the multiple biological targets comprise proteins,
the probe regions of the encoding probes are proteins and the
coding tags comprise oligonucleotides. In some aspects the
multiple biological targets comprise enzymes. In some
aspects the probe regions of the encoded probes comprise
antibodies, aptamers or small molecules,

Some aspects of the assay system further comprise an
amplification step between the separating step and the
determining step. In some aspecls, the determining step is
performed by nucleic acid sequencing, and in preferred
aspects, the sequencing is high-throughput digital nucleic
acid sequencing.
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In some aspects of the invention, the product of the
muitiple biological targets being assayed and the multiple
sites in the sample is greater than 20, in some aspects
product of the multiple biological targets being assayed and
the multiple sites in the sample is greater than 50, in some
aspects the product of the multiple biological targets heing
assayed and the multiple sites in the sample is greater than
75, 100, 150, 500, 750, 1,000, 5,000, 10,000, 25,000,
50,000, 100,600, 500,000, or 1,000,000 or more, In other
aspects, the sequence of at least fifly thousand encoding
probes are determined in parallel, in other aspects the
sequence of at least one hundred thousand encoding probes
are determined in parallel, in some aspects the sequence of
at least five hundred thousand encoding probes are deter-
mined in paralle], and in some aspects the sequence of at
least one million, ten million, one hundred million, one
billion, ten billion, one hundred billion or more encoding
probes are defermined in parallel.

In some aspects, the known spatial pattern is determined
by histological features of the sample. Also in some aspects,
software programmed hardware performs at least two steps
of the delivering step, the separation step, the determining
step and the associating step.

In some aspects, the probe regions of the encoded probes
are proteins and the separating step is accomplished by
encoded probes that interact with the biological targets being
captured by an aflinity capture agent. In some aspects the
probe regions of the encoding probes are nucleic acids and
the separating step is accomplished by a washing of the
sample.

in other embodiments there is provided an assay system
to determine spatial patterns of abundance or activity or both
of multiple meleic acid targets at multiple sites in 2 sample,
where the assay system performs the following steps: pro-
viding a sample affixed to a support; delivering oligonucle-
otide probes for multiple nucleic acid targets to the multiple
sites in the sample in a known spatial paltern; allowing the
oligonucleotide probes to hybridize with the nucleic acid
targets; washing unhybridized encoded oligonucleotide
probes from the sample; delivering one or more encoding
agents to locations of the multiple sites in the sample
according to a known spatial pattern, where the combination
of encoding agents delivered to each site is different; cou-
pling the encoding agents and the oligonucleotide probes to
form encoded probes; determining all or a portion of a
sequence of the encoded probes msing high-throughpt
sequencing, and associating the abundance or activity or
both of multiple biological targets to the locations of mul-
tiple sites in the sampie.

Other embodiments of the invention provide an assay
system fo determine spatial patterns of abundance or activity
or both of multiple protein targets at multiple sites in a
sample, where the assay system performs the following
steps: providing a sample affixed to a support; delivering
encoded probes for the multiple protein targets to the mul-
tiple sites in the sample in a known spatial pattern, where
each encoded probe comprises a protein probe region that
may interact with the protein targets and a coding tag that
identifies a location of the site to which the encoded probe
was delivered and the protein probe region of the encoding
probe of which the coding tag is part; allowing the encoded
probes to interact with the protein targets; separating
encoded probes that interact with the protein targets from
encoded probes that do not interact with the protein fargets;
determining all or a portion of a sequence of the encoded
probes by high throughput sequencing, and associating the
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abundance or activity or both of the multiple protein targets
to the locations of the multiple sites in the sample.

Other embodiments provide an assay system to determine
spatial patterns of abundance or activity or both of multiple
biological targets at multiple sites in a sample, where the
assay system performs the following steps: providing a
sample affixed to a support; delivering encoded probes for
the multiple biological targets to the multiple sites in the
sample in a known spatial pattern, where each encoded
probe comprises a probe region that may interact with the
biological targets and a coding tag that identifies a location
of the site to which the encoded probe was delivered and
identifies the biological target; allowing the encoded probes
to interact with the biological targets; determining all or a
portion of a sequence of the encoded probes, and associating
the abundance or activity or both of the multiple biological
targets o the locations of the sites in the sample.

The assay system of the invention can utilize various
detection mechanisms, based on the molecules to be
detected and the reagents nceded for such detection system.
Exemplary methods that can be vsed with the assay systems
of the invention are described in more detail below.

DESCRIPTION OF THE FIGURES

FIG. 1 provides a simplified overview of'the assay system
of the present invention.

FIG. 2 provides a simplified overview of one embodiment
of the assuy system of the present invention for detecting
nucleic acids.

FIG. 3 is a representational depiction of one embodiment
of the assay overviewed in FIG, 2.

FIG. 4A-C illustrates a general mechanism for one
embodiment of a combinatorial encoding scheme of the
assay sysiems of the invention. FIG. 4A shows two tlarget-
specificencoding oligonucleotide constructs specifically
bound to a target micleic acid of interest in a sample. FIG.
4B shows a scheme for delivering twenty different coding
tags, al through a10 and bi through b10, to a sample to form
a 10x10 coding tag grid. FIG. 4C shows a tissue section
sample to which the coding tags are delivered, forming the
coding tag grid in the sample.

FIG. § provides a simplified, specific example of the
embodiment of a combinatorial encoding scheme shown in
FIG. 4.

DEFINITIONS

The terms used herein are intended to have the plain and
ordinary meaning as understood by those of ordinary skill in
the art. The following definitions are intended to aid the
reader in understanding the present invention, but are not
intended to vary or otherwise limit the meaning of such
terms unless specifically indicated.

The term “antibody™ as used herein is intended to refer to
an entire immunoglobulin or antibody or any functional
fragment of an immunoglobulin molecule which is capable
of speciflc binding to an antigen (antibodies and antigens are
“binding partners” as defined herein), “Antibody” as used
hercin is meant to include the entire antibody as well as any
antibody fragments capable of binding the antigen or antj-
genic fragment of interest. Examples of such peptides
inchude complete antibody molecules, antibody fragments,
such as Fab, F(ab")2, CDRS, VL, VH, and any other portion
of an antibody which is capable of specifically binding fo an
antigen. Antibodies for assays of the invention are immu-
noreactive or immunospecific for, and therefore specifically
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and selectively bind to, proteins either detected (ie., bio-
logical targets) or used for detection (i.e., probes) in the
assays of the invention.

The term “binding agent” as wsed herein refers to any
agent that specifically binds to a biological molecule of
interest

“Complementary” or “substantially complementary™
refers to the hybridization or base pairing or the formation
of a duplex between nucleotides or nucleic acids, such as, for
instance, between the two strands of a double-stranded DNA
molecute or between an oligonucleotide primer and a primer
binding site on a single-stranded nucleic acid. Complemen-
tary nueleotides are, generally, A and T (or A and U), or C
and G, Two single-stranded RNA or DNA molecules are said
to be substantially complementary when the nucleotides of
one sttand, optimally aligned and compared and with appra-
priate nucleotide insertions or deletions, pair with at least
about 80% of the other strand, usually at least about 90% to
about 95%, and even about 98% to about 100%).

“Hybridization™ refers to the process in which two single-
stranded polynucleotides bind non-covalently to form a
stable double-stranded polynucleotide, The resulting (vsu-
ally} double-stranded polynucleotide is a “hybrid” or
“duplex,” “Hybridization conditions” will typically include
salt concentrations of approximately less than 1M, ofien less
than about 500 mM and may be less than about 200 mM. A
“hybridization buffer” is a buffered salt solution such as 5%
SS8PE, or other such buffers known in the art. Hybridization
temperatures can be as low as 5° C., but are typically greater
than 22° C., and more typically greater than about 30° C,,
and typically in excess of 37° C. Hybridizations are often
performed under stringent conditions, i.e., conditions under
which a primer will hybridize fo its target subsequence but
will not hybridize to the other, non-complementary
sequences, Stringent conditions are sequence-dependent and
are different in different circumstances. For example, longer
frapmenis may require higher hybridization temperatures for
specific hybridization than short fragments. As other factors
may affect the stringency of hybridization, including base
composition and length of the complementary strands, pres-
ence of organic solvents, and the extent of base mismatch-
ing, the combination of parameters is more important than
the absclute measure of any one parameter alone. Generally
siringent conditions are selected 1o be about 5° C, lower than
the T,, for the specific sequence at a defined ionic strength
and pH. Exemplary stringent conditions include a salt con-
centration of at least 0,01 M to no more than 1M sodium ion
concentration (or other salt) at a pH of about 7.0 to about 8.3
and a temperature of at [east 25° C. For example, conditions
of 5%8SPE (750 mM NaCl, 50 mM sodiwmn phosphate, 5
mM EDTA. at pH 7.4) and a temperature of approximately
30° C. are suitable for allele-specific hybridizations, though
a suitable temperature depends on the length and/or GC
content of the region hybridized.

“Ligation” means to form a covalent bond or linkage
between the temmini of two or more nucleic acids, e.g.,
oligonucleotides and/or polynucleotides, in a template-
driven reaction. The nature of the bond or linkage may vary
widely and the ligation may be carried out enzymatically or
chemically. As used herein, ligations are usually catried out
enzymatically to form a phosphodiester linkage between a 5'
carbon terminal nucleotide of one oligenucleotide with a 3'
carbon of another nucleotide,

“Nucleic acid”, “oligenucleotide™, “oligo™ or grammati-
cal equivalents used herein refers generally to at least two
nucleotides covalently linked together. A nucleic acid gen-
erally will contain phosphodiester bonds, although in some
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cases nucleic acid analogs may be included that have
alternative backbones such as phosphoramidite, phosphoro-
dithioate, or methylphophoroamidite linkages; or peptide
nucleic acid backbones and linkages. Other analog nucleic
acids include those with bicyclic structures including locked
nucleic acids, positive backbones, non-icnic backbones and
non-ribose backbones. Modifications of the ribose-phos-
phate backbone may be done to increase the stability of the
molecules; for example, PNA:DNA hybrids can exhibit
higher stability in some environments.

“Primer” means an oligonucleotide, either natural or
synthetic, that is capable, upon forming a duplex with a
polynucleotide template, of acting as a point of initiation of
nucleic acid synthesis and being extended from its 3' end
along the template so that an extended duplex is formed. The
sequence of nucleotides added during the extension process
is determined by the sequence of the template polynucle-
otide. Primers vsually are extended by a DNA polymerase.

The term “SNP” or “single nucleotide polymorphism”
refers to a genetic variation between individuals; e.g., #
single nitrogenous base position in the DNA of organisms
that is variable, SNPs are found across the genome; much of
the genetic variation between individuals is due to variation
at SNP loci, and often this genetic variation results in
phenotypic variation between individuals. SNPs for use in
the present invention and. their respective alleles may be
derived from sny number of sources, such as public data-
bages (U.C. Santa Cruz Human Genome Browser Gateway
(http://genome.ucsc.edu/cgi-bin/hgGateway) or the NCBI
dbSNP website (hitp:/www.ancbinlm.nih.gov/SNP/), or
may be experimentally determined as described in U.S, Pat.
No. 6,969,58%; and US Pub. No. 2006/0188875 entitled
“Human Genomic Polymorphisms.” Although the use of
SNPs is described in some of the embodiments prosented
herein, it will be understood that other biallelic or muli-
allelic genetic markers may also be used. A biallelic genetic
matker is one that has two polymorphic forms, or alleles. As
mentioned above, for a biallelic genetic marker that is
associated with a trait, the allele that is more abundant in the
genetic composition of a case group as compared to a control
group is termed the “associated allele,” and the other allele
may he referted to as the “unassociated allele.” Thus, for
each biallelic polymorphism that is associated with a given
trait (e.p,., a disease or drug response), there is a comrespond-
ing associated allele. Other biallelic polymorphisms that
may be used with the methods presented herein include, but
are not limited to nultinueleotide changes, insertions, dele-
tions, and translecations. It will be further appreciated that
references to DNA herein may include genomic DNA,
mitochondrial DNA, episomal DNA, and/or derivatives of
DNA such as amplicons, RNA transcripts, cDNA, DNA
analogs, etc. The polymorphic loci that are screened in an
association siudy may be in a diploid or a haploid state and,
ideally, would be from sites across the genome.

The term “selectively binds™, “selective binding” and the
like as used herein, when referring to a binding partner (e.g.
protein, nucleic acid, antibody or other affinity capture
agent, etc.), refers to a binding reaction of two or more
binding partners with high affinity and/or complementarity
to ensure selective hybridization under designated assay
conditions. Typically, specific binding will be at least three
times the standard deviation of the background signai, Thus,
under designated conditions the binding partner binds to its
particular “larget” molecule and does not bind in a signifi-
cant amount to other molecules present in the sample.

“Sequencing”, “sequence determination” and the like
means determination of information relating to the nucleo-
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tide base sequence of a nucleic acid. Such information may
include the identification or determination of partial as well
as full sequence information of the nucleic acid. Sequence
information may be determined “with varying degrees of
statisiical reliability or confidence. In one aspect, the term
inclundes the determination of the identity and ordering of a
plurality of contiguous nucleotides in 2 nucleic acid, “High
throughput digital sequencing” or “next generation sequenc-
ing” means sequence determination using methods that
determine many (typically thousands to billions) of nucleic
acid sequences in an intrinsically parallel manner, i.e. where
DNA. tempiates are prepared for sequencing not one at a
time, but in a bulk process, and where many sequences are
read out preferably in parallel, or alternatively using an
ultra-high throughput serial process that itself may be par-
allelized. Such methods include but are not limited to
pyrosequencing (for example, as commercialized by 454
Life Sciences, Inc., Branford, Conn.); sequencing by liga-
tion (for example, as commercialized in the SOLiD™ tech-
nology, Life Technology, Inc., Carlsbad, Calif.); sequencing
by synthesis using medified nucleotides (such as commer-
cialized in TruSeq™ and HiSeq™ technology by lilumina,
Inc., San Diego, Calif., HeliScope™ by Helicos Biosciences
Corporation, Cambridge, Mass,, and PacBio RS by Pacific
Biosciences of California, Inc., Menlo Park, Calif),
sequencing by ion detection technologies (Ion Torrent, Inc.,
South San Francisco, Calif.); sequencing of DNA nanoballs
(Complete Genomics, Inc., Mountain View, Calif.); nanop-
ore-based sequencing lechnologies (for example, as devel-
oped by Oxford Nanopore Techtiologies, LTD, Oxford, UK),
and like highly parallelized sequencing methads.

The term “T,” is vsed in reference to the “melting
temperature.” The melting temperature is the temperature at
which a population of double-stranded nucleic acid mol-
ecules becomes half dissociated into single strands. Several
equations for calculating the T,, of nucleic acids are well
known in the art. As indicated by standard references, a
simple estimate of the T,, value may be calculated by the
equation, T,,=81.5+0.41 (% G+C), when a nucleic acid is in
aqueous solution at 1M NaCl (see e.g., Anderson and Young,
Quantitative Filter Hybridization, in Nucleic Acid Hybrid-
izatlon (1985)). Other references (e.g., Allawi and Santalu-
cia, Jr., Biochemistry, 36:10581-94 (1997)) include alterna-
tive methods of computation which take structural and
environmental, as well as sequence characteristics into
account for the calculation of T,

DETAILED DESCRIPTION OF THE
INVENTION

The practice of the technigues described herein may
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employ, unless otherwise indicated, conventional techniques

and descriptions of organic chemisiry, polymer technology,
molecular biology (including recombinant techniques), cell
biology, biochemistry, and sequencing technology, which
are within the skill of those who practice in the art. Such
conventional techniques include polymer array synthesis,
hybridization and ligation of polynucleotides, and detection
of hybridization using a label. Specific illustrations of suit-
able techniques can be had by reference to the examples
herein. However, other equivalent conventional procedutes
can, of course, also be used. Such conventional techniques
and descriptions can be found in standard laboratory manu-
als such as Green, et al., Bds., Genome Anralysis: 4 Labo-
ratory Manual Series (Vols, 1-1V) (1999);, Weiner, Gabriel,
Stephens, Fds., Genetic Variation: A Laboratory Manual
(2007); Dieffenbach, Dveksler, Eds., PCR Primer: A Labo-
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ratory Manual (2003); Bowtell and Sambrook, DNA4
Microarrays: A Molecular Cloning Manual (2003); Mount,
Bioinformatics: Sequence and Genome Analysis (2004);
Sambrook and Russell, Condensed Protocols from Molecu-
lar Cloning: 4 Laboratory Manua! (2006); and Sambrook
and Russell, Molecular Cloning: A Laboratory Manual
(2002) (all from Cold Spring Harbor Laboratory Press);
Stryer, Blockemistry (4th Bd.) (1995) W.H, Freeman, New
York N.Y,; Gait, “Oligonucleotide Synthesis: A Practical
Approack” (2002) TRL Press, London; Nelson and Cox,
Lehninger, Principles of Biochemistry (2000) 3™ Bd., W. H.
Freeman Pub., New York, N.Y.; and Berg, et al., Biochem-
istry (2002) 5% Bd., W. H. Freeman Pub,, New York, N.Y,,
all of which are herein incorporated in their entirety by
reference for all purposes.

Note that as used herein and in the appended claims, the
singular forms “a,” “an,” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to “a nucleic acid” refers (o one or more
nueleic acids, and reference to “the assay” includes refer-
ence to equivalent steps and methods known to those skilled
in the art, and so forth,

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. All publications mentioned herein are
incorporated by reference for the purpose of describing and
disclosing devices, formulations and methodologies that
may be used in connection with the presently described
invention,

Where a range of values is provided, it is understood that
each intervening value, between the upper and lower limit of
that range and any other stated or intervening value in that
stated range is encompassed within the invention. The upper
and lower limits of these smaller ranges may independently
be included in the smaller ranges, and are also encompassed
within the invention, subject fo any specifically excluded
limil in the stated range, Where the stated range includes one
or both of the limits, ranges excluding either both of those
included limits are also included in the invention,

In the following description, numerous specific details are
set forth to provide a more thorough vnderstanding of the
preseat invention. However, it will be apparent to one of
skill in the art that the present invention may be practiced
without one or more of these specific details. In other
instances, well-known features and procedures well known
to those skilled in the art have not been desctibed in order
to avoid obscuring the invention.

The Invention in General

The assay systems of the invention provide spatially-
encoded, multiplexed assays comprising 1) an assay capable
of high levels of multiplexing with an efficient spatial
encoding scheme; 2) instrumentation capable of delivering
reagents according to a spatial pattern; and 3) decoding
determined by a readout that is digital in nature. The assay
systems of the invention detect the presence or absence and
relative amount of a biological target or biological activity
indicative of a biclogical target, as well as the location of the
biological target or activity in a biological sample, e.g., a
tissue section or other biological structure disposed upon a
support such as a microscope slide or culture dish.

The assay system further provides instrumentation with
an ability to deliver reagents in a spatially-defined pattem.
This instrumentation, together “with sofiware, reagents and
protocols, provides a key component of the highly innova-
tive assay system of the invention, allowing for measure-
ment of numerous biological targets or activities in a mean-
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ingful spatial environment, including gene expression and
peptide localization, An encoding scheme used in these
assay systems allows one to determine the location of
biclegical targets or activity (or lack thereof) in the biologi-
cal samples after the products of the multiplexed assay are
removed from {he biolegical sample and pocled for analysis.
Decoding of the encoding scheme can be performed by, e.g.,
next-generation sequencing, which easily provides millions
to ttillions of data points at low cost, The assay results such
as the amount or activity of biological targets can then be
mapped back to specific location in the biological sample.
The assay systems open a new analytical window into the
complex spatial patterns of cellular functicn and regulation
in biological samples.

A simplified overview of the assay system 100 of the
presetit invention is provided at FIG. 1, At step 110, a
biclogical sample aflixed to a support is provided. The
biological sample contains biological targets of interest.
Biclogical targets can include any molecule of interest, such
as nucleic acids (including, e.g, RNA franscripts, genomic
DNA. sequences, cDNAs, amplicons, or other nucleic acid
sequences) and proteins, enzymes and the like. At step 120,
encoded probes are delivered to the biological sample
according to a known spatial pattern. Bncoded probes com-
prise probes, which can interact “with biological targets of
interest, and coding tags, which identify the positions in the
sample of the biclogical targets being assayed, and thus can
be used to link assay results back te locations in the sample.
Coding tags in most embodinients are oligonucleotides.
However, coding tags may also be rmass tags, fluorescent
labels, or other moieties.

In some embodiments, the probe and coding tag portions
of the encoded probe are pre-coupled before being delivered
to the hiological sample, For example, in the case where the
encoded probes are oligonucleotides, both the probe and
coding tag sequence can be synthesized as a single oligo-
nucleotide. Alternatively, the probe and coding tag portions
of the encoding probes can be synihesized or obiained
separately and combined before delivery to the biological
sample (e.g., two separate oligonucleotides can be synthe-
sized and coupled by, e.g., ligation; or an antibody and an
oligonucleotide can be prepared separately and conjugated
before delivery to the biological sample). Also, as is
described in FIGS. 2-5, the probes and the coding tags (in
encoding oligonucleotides) are synthesized separately, and
are delivered to the biological sample at different steps (e.g.,
probes first and coding tags thereafter, or vice versa) in the
assay.

At step 130, the encoded probes are allowed to react or
interact with the biclogical targets, i.e., conditions are pro-
vided 1o allow e.g., oligonucleotides 10 hybridize (o nucleic
acid targets, enzymes to catalyze reactions with protein
targets, antibodies to bind epitopes, etc. In the case where the
biclogical targets are nucleic acids, the encaded probes are
typically oligonucleotides and hybridize to the target nucleic
acids. In the case that the biclogical targets are proteins, the
encoded probes typically are aptamers, sthall molecules, or
oligonucleotide-conjugated proteins that interact with target
proteins by binding to them or by reacting with them (that
is, one of the proteins is a substrate for the other). Encoding
oligonucleotides may be coupled to the probes (proteins) by
conjugation, chemical or photo-crosslinking via suitable
groups and the like.

Once encaded probes interact with the biological targels,
the encoded probes that interacted with the biological targets
must be separated from the encoded probes that did not
interact with the biological targets at step 140. In the case
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where the biological targets are nucleic acids and the
encoded probes are oligonucleotides, the separation can be
accomplished by, e.g., washing the unhybridized encoded
probes from the sample. Similarly, for other assays that are
based on affinity binding, including those using aptamer,
small moleculs, and protein probes, washing steps can be
used to remove low affinity binders. In the case where the
probe is transformed via interaction with the target, e.g., in
the case of a peptide, e.g., via cleavage by a protease or
phosphorylation by a kinase, it is convenient to collect, all
encoded probes—both encoded probes that interacted with
the biological targets and were transformed and encoded
probes that were not transformed. After collection or pool-
ing, an antibody or other affinity capture agent can be used
to capture probes that were transformed by addition of a
moiety (e.g., a phosphate group). In cases where probes have
been transformed via cleavage, the transformed probes can
be separated, e.g., by capturing the non-transformed probes
via a tag that is removed from the transformed probes during
the transformation (e.g., by cleavage), or by adding a new
tag at the site of cleavage.

Once the reacted (transformed) or interacted encoded
probes are separated from the unreacted or un-interacted
encoded probes, the sequence of the reacted and/or inter-
acted encoded probes is determined at step 150 by, prefer-
ably, sequencing, The sequence of the encoded probes
allows the mapping of the assay results at step 160 back to
locations in the biological sample.

FIG, 2 provides a simplified overview of an assay system
200 of the present invention embodying an efficient imple-
mentation of a combinatorial coding scheme for the encod-
ing of spatial information. For purposes of this overview, the
probes are oligonucleotides, but as explained elsewhere,
other types of probes can also be used. In step 210, a
biological sample affixed to a support, e.g., a tissue sample
or other biclogical structure, is provided. In step 220, cne or
more oligonucleotide probes are delivered to the biological
sample, where the oligonucleotide probes are capable of
hybridizing with biclogical targets in the biological sample.
In step 230, the oligonuclectide probes are allowed to
interact with (hybridize to) the nucleic acid targets; that is,
appropriate conditions are provided where oligonucleotide
probes can hybridize to the target nucleic acids.

In step 240, the oligonucleotide probes that did not
hybridize to target nucleic acids are removed, and thereby
separated from oligonucleotide probes that did hybridize to
target nucleic acids. In this embodiment, separation can be
accomplished by, e.g., washing the sample to remove nnhy-
bridized oligonucleotide probes, Next, in step 250, encoding
oligonucleotides (the encoding agents) are delivered 1o the
biclogical sample according to a chosen spatial pattern,
where the encoding oligonucleotides comprise coding tags
that are used to encode the location of biological targets in
the hiological sample. Note that in conirast to the assay
system of FIG. 1, here the probes and encoding agents
(encoding oligonucleotides) are delivered in separate steps.
1n step 260, the encoding oligonuclectides are coupled to the
oligonucleotide probes to create encoded probes. In this case
where the probes are oligonucleotides, the encoding oligo-
nucleotides may be coupled to the oligonucleotides probes
by, e.g., ligation. Alternatively, the information i the encod-
ing oligonucleotides can be transferred by using a DNA
polymerase 1o extend a probe oligonuclectide that acts as a
primier, and thereby copy and incorporate the sequence of the
encoding oligonucleotides.

In step 270, the sequence of the coding tags in the encoded
probes as well as the sequence or a portion of the sequence
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of the probe itself is determined, and in step 280, the target
nucleic acids are mapped back to the biological sample. In
some embodiments, the abundance of sequences reveals the
relative quantity of biclogical targets at the location.
Although this embodiment shows the individual steps in a
particular order, so as to better explain the invention, the
preciso order of the steps can be varied. For example, steps
220 and 250 can be combined, so that a mixture of the
probes and encoding oligonucleotides is delivered according
to a chosen spatial pattern. Coupling step 260 can then be
cartied out immedjately after the combined steps 220 and
250, or concomitantly with them. In this case, step 240
would then occor after step 260. It can therefore be appre-
ciated that the two key results of this series of steps, i.e., the
location-specific encoding of probe molecules and the sepa-
ration of probe molecules based on their ability to interact
with corresponding larget molecules, can be accomplished
with some flexibility in the implementation of the particular
steps. Similarly, there is considerable flexibility in the design
of the coding scheme. As described infra, the assays of the
invention are particularly amenable to combinatorial meth-
ods,

Thus, the present invention provides an ability to look at
many different biological largets in many locations, provid-
ing the resolution of in situ hybridization with the highly-
parallel data analysis of sequencing. In some embodiments,
the sum of the multiple hiological targets being assayed and
the multiple sites in the biological sample is greater than 20,
in other embodiments, the sum of the multiple biclogical
targets being assayed and the multiple sites in the biological
sample is greater than 50, in other embodiments, the sum of
the multiple biological targets being assayed and the mul-
tiple sites in the biological sample is greater than 100,
greater than 500, 1,000, 10,000, 25,000, 100,000, 500,000,
1,000,000, It will be appreciated that, due to the spatial
encoding dimension of the invention, even much larger
numbers can be contemplated. For example, assaying
10,000 targets per locationx 10,000 locations would generate
10® different assays, and even larger numbers than these can
easily be contemplated, particularly if spatial locations with
resolution: on the order of that of single cells are utilized,
Further, in embodiments where high-throughput digital
sequencing is employed, the sequences of at least 1,000
encoding probes are typically determined in parallel. More
typically, using a digital readout, it is desirable to obtain
multiple sequence reads for each assay (defined by a prohe
and a spatial location code). It is desirable to obtain an
average of at least 3 copies per assay, and more typically at
least 10 or at least 30 copies per assay, depending on the
design of the experiment and requirements of the assay. For
a quantitative readout with suitable dynamic range, it may be
desirable to obtain at least 1,000 reads per assay. Therefore,
if 1,000,000 assays are carried out, the number of sequence
reads may be 1 billion or more. With high-throughput digital
sequencing, and allowing for redundancy, the sequence of at
least 10,000 encoding probes are determined in parallel, or
the sequence of at least 100,000, 500,600, 1,000,000,
10,000,000, 100,000,000, 1,000,000,600 or more encading
probes are determined in parallel.

Assays

The assay portion of the assay systems of the present
invention comprise the following general steps: delivering
prebes and encoding agents where the encoding agents (in
some embodiments pre-coupled to the probes) are delivered
to the sample according to a known spatial pattern, allowing
the probes to interact or react with biological targets in the
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sample, and, if the probes and encoding agents have not been
pre-coupled, coupling the encading agents to probes.

The samples of the present invention include virually any
biological sample or samples that can be affixed to a support
or provided essentially in a two-dimensional manner, where
the abilily to lie an assayed biological target or activity back
to the location within the biological sample is important,
Exemplary biological samples include tissue sections (e.g,,
including whole animal sectioning and tissue biopsies), cell
populations on slides or culture dishes, and the like. The
assay systems of the invention are particularly advantageous
in that they are compatible with numerous biological sample
types, including fresh samples, such as primary tissue sec-
tions, and preserved samples including but not limited to
frozen samples and paraformalin-fixed, paraffin-embedded
(FFPE) samples. An important aspect of the assay systems
of the invention is that the biological samples are immobi-
lized on a substrate surface having discrete, independently
measurable areas.

The bialogical targets to be detected can be any biological
molecules including but not limited to proteins, nucleic
acids, lipids, carbohydrates, ions, or multicomponent com-
plexes confaining any of the above. Examples of subcellular
targets inchade organelles, e.g., mitochondria, Golgi appa-
rafus, endoplasmic reticulum, chloroplasts, endocytic
vesicles, exocytic vesicles, vacuoles, lysosomes, eic.

In some patticular embodiments, the assay system is used
to analyze nucleic acids, e.g., by genotyping, quantitation of
DNA copy number or RNA transcripts, localization of
particular franscripts within samples, and the like, FIG, 3
illustrates an overall scheme for an exemplary assay for, e.g.,
detecting single nucleotide polymorphisms (SNPs) that can
be used with the assay system of the invention. In FIG. 3,
two oligonucleotide probes are provided. Each oligonucle-
ofide probe comprises a target-specific region (located on
either side of the SNP to be analyzed) seen at 305 and 307,
and ligation regions, seen at 301 and 303, The oligonucle-
otide probes are allowed to hybridize to a target nucleic acid
(not showny} in the biclogical sample. At step 302, one of the
oligonucleotide probes is extended 1o incorporate the SNP
sequence and ligated to the other probe to form an extended
probe comprising target nucleic acid region 309 and ligation
regions 301 and 303.

Two encoding agents, both comprising a coding tag (seen
at 315 and 317), a ligation region (seen at 311 and 313), and
a primer region (seen at 319 and 321) are combined with and
ligated to the extended probe at step 304 to form an encoded
target-specific oligonucleotide. Again, in confrast with FIG.
1, the probes and encoding agents are delivered at separate
steps. Doing so allows use of the combinatorial embadi-
ments described infra. In preferred embodiments, the encod-
ing oligonucleotides within a pair of encoding oligomcle-
otides ligate specifically to one side of the target sequence or
the other (i.e., 53' or 3' of the target sequence) in step 306.
Also, typically, the ligation and primer regions of the encod-
ing oligonucleotides and probes are universal; that is, the set
of ligation and primer regions used in constructing the
probes and encoding oligonucleotides are constant, and only
the target-specific regions of the probes and the coding tags
of the encoding oliponucleotides differ. However, again in
alternative embodiments, the ligation and primer regions are
not universal and differ between probes and encoding
agents.

Following ligation, the encoded probes are eluted, pooled,
and, optionally, sequencing adapters are added to the
encoded probes via PCR. In alternative embodiments,
sequencing primers may be ligated to the encoding oligo-
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micleotides, of sequencing primer sequences can be
included as part of the encoding oligonucleotide. As seen in
FIG. 3, each sequencing adapter comprises primer region
319 or 321, compatible with the primer regions 319 and 321
on the encoded probes. The final construct comprising first
adapter 327, first primer region 319, first coding tag 315,
ligation regions 311 and 301, target region 309, ligation
regions 313 and 303, second coding tag 317, second primer
_region 325 and second adapter 329 is now ready for input
into a digital high-throughput sequencing process,

A combination of extension and ligation reactions are
exemplified in FIG, 3, but it should be appreciated that a
variety of reactions may be used to couple the encoding
oligonucleotides to the target-specific oligomucleotides,
including ligation only (e.g., for oligonucleotides that
hybridize to contiguous portions of the target nucleic acid
sequence). Alternatively, an assay utilizing an additional
oligonucleotide, such as in the GOLDENGATE® assay (see
Fan, et al, Cold Spring Symp. Quant. Bicl, 68:69-78
(200%); (llumina, Tnc, San Diego, Calif))), may be
employed.

In other embadiments, the assay system of the invention
also can be used to analyze peptides or proteins, the presence
of antibodies, enzymatic and other protein activities, post-
translational modifications, active and non-active forms of
peptides, as well as peptide isoforms in a biological sample.
Accordingly, the probes may comprise an active region of an
enzyme, a hinding domain of an immunoglobulin, defined
domains of proteins, whole proteins, synthetic peptides,
peptides with introduced mutations, aptamers and the like.

In certain aspects, the probes are substrates for enzymes
Or proenzymes, €.g., Kinases, phosphatases, zymogens, pro-
teases, or fragments thereof. In certain aspects, the probes
are phosphorylation substrates used to detect proteins
invalved in one or more signal transduction pathways, e.g.,
a kinase or a phosphatase. In another specific aspect of the
invention, the probes are specific protease substrates that
associate only with individual proteases or classes of pro-
teases. In other aspects, the probes are different processed
forms, isoforms and/or domains of an enzyme. Protein-
bhased probes are typically conjugated or otherwise linked to
oliponucleotide encoding agents. The oligonucleotide
encoding agents in this case would also include a nucleotide
sequence component that allows for identification of the
protein probe.

In certain aspects, the present invention provides assays
for evaluating differencos in the amount and/or activity of
biological targets between different locations in a sample
and/or between samples. The method includes determining
a phurality of encoded results from the biological sample and
evaluating the differences in quentity of the biological
targets at each location in the biological sample,
Combinatorial Embodiments

To maximize the efficiency of encoding, a combinatorial
approach using pairs of coding tags in the encoding oligo-
nucleotides can be used, By de-coupling the target-specific
information and the coding tags, the number of oligonucle-
otides required is dramatically reduced, with a concomitant
decrease in cost.

FIG. 4 illustrates a general mechanism for one embodi-
ment of a combinatorial encoding scheme of the assay
systems of the invention, where nucleic acids in a represen-
tative tissue section (shown at 416) are assayed. FIG. 4 at A
shows two target-specific/encoding oligonucleotide con-
structs 420 and 422 (e.g., formed between steps 302 and 304
of FIG, 3) specifically bound to a farget nucleic acid 402 of
interest, The first encoded probe 420 comprises coding tag
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408, assoclated with, e.g., a universal priming site for
amplification of the assay products or an adapter o enable
identification of the coding identifiers using sequencing
technologies 404. The second encoded probe 422 comprises
coding tag 406, associated with, 2.g., a universal priming site
for amplification of the assay products or an adapter to
enable identification of the coding identifiers using sequenc-
ing technologies 419,

FIG. 4 at B shows the spatial pattern that may be used for
twenty different coding tags, al through al0 (coding tag 406
on encoded probe 420) and bl through b10 (coding tag 408
encoded probe 422). Coding tag al., for example, is depos-
ited on the biological sample in ten discrete areas or spots
(shown as the first horizontal line of spots in 412). Coding
tag a2 is deposited on the biological sample in ten spots on
the second horizontal line in 412. Coding tag a3 is deposited
on the biological sample in ten spots on the third horizontal
line in 412, and so on. Whereas the “a tags are deposited in
ten horizontal rows, the “b” tags are deposited in ten vertical
rows as shown in 414, For example, coding tag bl is
deposited on the biological sample in ten discrete spots in
the first vertical row of 414, coding tag b2 is deposited on
the biological sample in ten discrete spots in the second
vertical row of 414, and so on. Using such a configuration
allows for twenly coding tags to uniquely define 100 dif-
ferent locations on the biological sample,

FIG, 4 at C shows a representative tissue section 416
coincident with coding tag grid 418. The arrows show how
the “a” coding tags and the “b” coding tags are deposited on
grid 418 that is coincident with tissue section 416. If, once
sequenced, coding tags al and b4, e.g., are associated with
a target nucleic acid sequence, then that target nucleic acid
sequence (ie., biological target) was present in the tissue
section at location al, b4,

FIG. 5 provides a simplified, specific example of the
encoding scheme of the assay systems of the invention. FIG.
5 shows encoding oligonuclectides 510, comprising al, a2,
a3, a4 and b1, b3, b3 and b4, Target-specific oligenucle-
otides (TSOs) (probes) 1 and 2 are shown at 520, A deposit
or dispensing scheme is shown at 530, Like the grid exem-
plified in FIG. 4, encoding oligonucleotides al through ad
are deposited in spots inx a pattern (here, in a vertical pattern),
and encoding oligonucleotides b1 through b4 are deposited
in spots in a pattern (here, a horizonfal patiern), The grid
though shown as a square with spots is actually a deposition
pattern on a biological sample (not shown) such as tissue
section 416 shown in FIG. 4.

The target-specific oligonuclectides are delivered to the
biological sample, where the target-specific oligonucleotides
hybridize to target nucleic acids in the biological sample if
target nucleic acids are present. Unhybridized target-specific
oligonucleotides are then removed, e.g., by washing, The
encading oligonucleotides are then delivered to the biologi-
cal sample according to the spatial pattern shown at 536, The
encoding oligonucleotides are ligated (or, e.g., extended and
ligated} to any target-specific oligonucleotides that hybrid-
ized to the target nucleic acid in the biological sample, the
ligated constructs are then eluted from the biological
sample, pooled, and sequencing adapters are added through,
e.g., PCR or ligation, if the sequences were not previously
included in the encoding oligonucleotides. The ligated con-
structs are sequenced by, e.g., high throughput or “next
generation” sequencing,

The pool of resulting sequences is shown at 540, A
sequence readout was obtained for target-specific oligo-
nucleotide 1 only at adbl, a4b2, alb3, a2b3, a3b3, adb3 and
adb4 (positions shown with horizontal lines). A sequence
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readout was obtained for target-specific oligonucleotide 2
only at albl (position shown with vertical lines). A sequence
readout was obtained for both target-specific oligonucle-
otides 1 and 2 at positions a2b1, a3b1, alb2, a2b2, and a3b2
(positions shown with cross-hatching). No sequence readout
was oblained for either target-specific oligonucleotides at
albd, a2b4 or a3b4 (positions shown without shading).
Thus, in the biological sample on which the assay took place
the first target nucleic acid was detected in a large portion of
the left side and at the boitom of the biclogical sample, the
second target nucleic acid was detected only in the upper left
pottion of the biological sample, and neither target nucleic
acid was detected in the upper right portion of the biological
sample. The differential expression of the two target nucleic
acids now can be mapped back to the biological sample and
to the biological stractures or cell types in these locations in
the biclogical sample, as shown in 550.

In addition to location information, information relating
to relative abundance of the encoded tags can be obtained.
For example, if it is found that there are ten times as many
ad4T1b1 sequences occurring in the data set as compared to
ad4T1b2 sequences, this would indicate thet target nucleic
acid sequence 1 is ten times more abundant at the a4T1b1
location than at the a4T1b2 location,

In the case of nucleotide analysis as shown in FIG. 3, by
ligating the coding tags directly to target-specific oligo-
nucleotides, only 2Zn farget-specific oligonucleotides are
nceded for n targets. For example, using the combinatorial
approach outlined in FIG. 2, assaying 100 different targets at
10,000 spatial locations would require 2x100 target-specific
oligonucleotides and 2x100 encoding, oligonucleotides. The
total count of assay oligonucleotides would be only 400 (200
target-specific and 200 encoding), hot counting universal
priters. In contrast, if the coding oligonucleotides were not
decoupled from the target-specific cligonucleotides, (nxX
positional codesyH(nxY positional codes) would be needed,
or in the above example, 20,000 oligonucleotides, not count-
ing universal primer sequences. Moreover, though the
embodiments shown in FIGS. 2-5 depict a combinatorial
scheme using two encoding agents (coding tags), three, four
or more encoding agents and coding tags may be vsed, and
attached to the probe or one another by varying means and
in varying combinations of steps.

Due to the spatial encoding aspect of the assay system of
the invention, a large amount of information can be gener-
ated with even a modest munber of assays, For example, five
or more hiological targets assayed at five or more positions
in the sample generates 25 or more combinations. Using
digital sequencing as a readout, the optimum number of
sequence reads per combination depends on the sensitivity
and dynamic range required, and can be adjusted, For
example, if for each combination on average 100 reads are
sampled, the total for 25 combination is 25,000 reads. If
1,000 targets are assayed at 1,000 locations with an average
sampling depth of 1,000, then 10° reads are required. These
numbers, although large, are within the capacity of intrin-
sically parallel digital sequencing methods, which can gen-
erate datasets of billions or even frillions of reads in a
reasonable timeframe and at a very low cost per read.
Therefore, by varying the numbers of positions interrogated
or biclogical targets assayed, or both, and using digital
sequencing, large amounts of information can be obtained.
In specific aspects, multiple locations are interrogated for
two or more biological molecules,

Reagent Delivery Systemns

The reagent delivery system of the invention includes

instrumentation that allows the delivery of reagents to
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discrete portions of the biological sample, maintaining the
integrity of the spatial patterns of the encoding scheme.
Reagent delivery systems of the assay systems of the inven-
tion comprise optional imaging means, reagent delivery
hardware and conirol software. Reagent delivery can be
achieved in a mumber of different ways. It should be noted
that reagent delivery may be to many different biological
samples at one time, A single tissue section has been
exemplified herein; however, multiple bioclogical samples
may be affixed and analyzed simultaneously. For example,
pions of a tissue sample can be analyzed in parallel and the
data combined to build a 3D map.

Integral to the assay system of the invention is instru-
mentation that allows for spatial patterning of reagents onto
the biological sample. Technologies for formulating and
delivering hoth hiological molecules (e.g. oligonucleotides
or antibodies) and chemical reagents (e.g., small molecules
or dNTPs) are known in the art, and uses of these instrument
systems are known to one skilled in the art and easily
adaptable to the assay systems of the invention. One
example of a suitable reagent delivery system is the
Labeyte™ Fcho acoustic liquid handier, which can be used
to deliver nanoliter scale droplets containing biological
molecules with high precision and reproducibility. One
skilled in the art conld incorporate this reagent delivery
device into the overall system, using software to specify the
locations o which reagents should be delivered.

Other instruments that can be used for the deposition of
agents and/or coding identifiers onto biological samples
include, but are not limited to, ink jet spotting; mechanical
spotting by means of pin, pen or capillary; micro contact
printing; photochemical or photolithographic methods; and
the like. For several applications, it may be preferred to
segment or sequester certain areas of the biological samples
into one or more assay areas for different reagent distribu-
tions and/or biological target determination. The assay areas
may be physically separated using barriers or channels,

In one exemplary aspect, the reagent delivery system may
be a flow-based system. The flow-based systems for reagent
delivery inthe present invention can include instromentation
such as one or more pumps, valves, fluid reservoirs, chan-
nels, and/or reagent storage cells. Reagent delivery systems
are configured to move flwid to contact a discrete section of
the biological sample. Movement of the reagenis can be
driven by a pump disposed, for example, downsiream of the
fluid reagents. The pomp can drive each fluid reagent to (and
past) the reaction compartment. Alternatively, reagents may
be driven through the fluid by gravity. US Pub. Nos.
20070166725 and 20050239192 disclose cettain general-
purpose fluidics tools that can be used with the assay
systems of the invention, allowing for the precise manipu-
lation of gases, liquids and solids to accomplish very com-
plex analytical manipulations with relatively simple hard-
ware.

In a more specific example, one or more flow-cells can be
attached to the svbstrate-affixed biological sample from
above, The flow-cell can include inlet and outlet tubes
connected thereto and optionally an external pump is used to
deliver reagents to the flow-cel! and across the biological
sample. The flow cells are configured to deliver reagents
only to certain portions of the biological sample, restricting
the amount and fype of reagent delivered to any specific
section of the biological sample.

In another aepect, a microfluidic system can be integrated
into the substrate upon which the biological sample is
disposed or externally attached on top of the substrate.
Microfluidic passages for holding and carrying fluid may be
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formed on and/or above the planar substrate by a fluidics
layer abutted to the substrate. Fluid reagents can be selected
and delivered according to selective opening and closing of
valves disposed between reagent reservoirs.

Pumps generally include any mechanism for moving fuid
and/or reagents disposed in fluid. In some examples, the
pump can be configured to move fluid and/or reagents
through passages with small volumes (ie., microfluidic
structures), The pump can operate mechanically by exerting
a positive or negative pressure on fiuid and/or on a structure
carrying fluid, electrically by appropriate application of an
electric field(s), or both, among other means. Exemplary
mechanical pumps may include syringe pumps, peristaltic
pumps, rotary pumps, pressurized pas, pipetiors, efc.
Mechanical pumps may be micromachined, molded, etc.
Exemplary electrical pumps may include electrodes and may
operate by electrophoresis, electroendoosmosis, electrocap-
illarity, dielectrophoresis (including traveling wave forms
thereof), and/or the like.

Valves generaily inciude any mechanism for regulating
the passage of fluid through a channel. Valves can include,
for example, deformable members that can be selectively
deformed to partially or completely close a channel, a
movable projection that can be selectively extended into a
channel to partially or completely block a channel, an
electrocapillary structure, and/or the like.

An open gasket can be attached to the top of the biological
sample and the sample and reagents can be injected into the
gasket. Suitable gasket materials include, but are not limited
to, neoprene, nitrile, and silicone rubber. Alternatively, a
watertight reaction chamber may be formed by a pasket
sandwiched between the biological sample on the subsirate
and a chemically inert, water resistant material such as, but
not Timited to, black-anodized aluminum, thermoplastics
{e.g., polystyrene, polycarbonate, &tc), glass, etc.

In an optional embodiment, the assay system comprises
imaging means to determine features and organization of the
biologieal sample of interest. The images obtained, e.g., may
be used to design the deposition pattern of the reagents,
Imaging means are optional, as an individual can instead
view the biological sample using, e.g,, a microscope, ana-
lyze the organization of the biological sample, and specily a
spatial patiern for delivery assay reagents. If included, the
delivery system can comprise a microcircuit armangement
including an imager, such as a CCD or IGFET-based (e.g.,
CMOS-based) imager and an ultrasenic sprayer Tor reagent
delivery such as described in US Pub. Ne. 20090197326,
which is incorporated herein by reference. Also, it should be
noted that although FIGS. 4 and 5§ iHustrate using a x,y grid
configuration, other configurations can be used, such as, e.g.,
following the topology of a tissue sample; targeting certain
groups of cells, cell layers and/or cell types in a tissue, and
the like,

Tn yet another alternative, the reagent delivery system
controls 1he delivery of reagenls to specific patterns on a
biological sample surface using semiconductor techniques
such as masking and spraying. Specific areas of a biclogical
sample can be protected from exposire to reagents through
use of a mask to protect specific areas from exposure. The
reagents may be introduced to the biological sample using
conventional techniques such as spraying or fluid flow. The
use of masked delivery results in a patterned delivery
scheme on the substrate surface,

In a preferred aspect of the invention, the reagene delivery
instromentation is based con inkjet printing technology.
There are a variety of different ink-jetting mechanisms (e.g.,
thermal, pieroelectric) and compatibility has been shown
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with aqueous and organic ink formulations, Sets of inde-
pendently actuated nozzles can be used to deliver multiple
reagents at the same time, and very high resolutions are be
achieved,

In order to target specific sites of interest, an informative
image of the biological sample (o be assayed may be used to
assist in the reagent delivery methods and associated encod-
ing scheme, Sample regions of the biclogical sample can be
identified using image processing (e.g., images of cell types
differentiated by immunohistochemisiry or other staining
chemistries) integrated with other features of the assay
system, In some aspects, software is used to automatically
{ranslate image information into a reagent delivery pattern,
A mechanism to register and alipn very precisely the bio-
logical sample for teagent delivery is thus an important
compoenent of the assay systems of the invention. Mecha-
nisms such as the use of fiducial markers on slides and/or
other very accurate physical positioning systems can be
adapted to this purpose.

The invention preferably comprises a complete suite of
software tailored to the assay system. Optionally, oligo-
nucleotide design software is used to design the encoding
nuclectides (and in embodiments where nucleic acids are
assayed, the target-specific oligonucleotides) for the specific
assay to be run, and may be integrated as a part of the
system. Also optionally, algorithms and software for reagent
delivery and data analysis (i.e., sequence analysis) may he
integrated to determine assay results. Integrated data analy-
sis is particulardy useful, as the type of dataset that is
generated may be massive as a consequence of scale.
Algorithms and software tools that are specifically designed
for analysis of the spatially-associated data generated by the
assay systems, including pattern-analysis sofiware and visu-
alization tools, enhance the valve of the data generated by
the assay systems,

In certain aspects, the assay system comprises processes
for making and camrying out the quality control of reagents,
e.g., the infegrity and sequence fidelity of oligenucleotide
pools. In particular, reagents are formulated according to
factors such as volatility, stability at key temperatures, and
chermical compatibility for compatibility with the reagent
delivery instrumentation and may be analyzed by instru-
mentalion integrated within the assay system.

Sequencing

Numerous methods can be used to identify the coding tags
and probe sequences in the encoded probes of the assay
systems of the invention. The coding tags can be detected
using techniques such as mass spectroscopy {(e.g., Maldi-T
of, LC-MS/MS), nuclear magnetic resonance inaging, or,
preferably, nucieic acid seyuencing, Examples of techniques
for decoding the coding tags of the present invention can be
found, for example, in US Pub. No. 20080220434, which is
incorporated herein by reference. For example, the coding
tags may be oligonucleotide mass tags (OMTs or massTags).
Such tags are described, e.g., in US Pub. No., 20090305237,
which is incorporated by reference in its entirety. In yet
another alternative, the encoded probes can be amplified and
hybridized to a microarray. This would require separate
amplification reactions to be carried out, in which each
amplification is specific to a particular spatial code or subset
of codes, accomplished by vsing code-specific primers. Each
amplification would also incorporate a different resolvable
label {e.g, fluorophor). Following hybridization, the relative
amouuts of a particular target mapping to different spatial
locations in the sample can be determined by the relative
abundances of the resolvable labels.
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In one particularly preferred aspect, the resulting coding
tags according to the assay system are substrates for high-
throughput, next-generation sequencing, and highly parallel
next-generation sequencing methods are used to confirm the
sequence of the coding tags, for example, with SQLiD™
technology (Life Technologies, Inc.) or Genome Ananlyzer
(IMlumina, Inc.). Such next-generation sequencing methods
can be carried out, for example, using a one pass sequencing
method or using paired-end scquencing, Next generation
sequencing methods include, but are not limited to, hybrid-
ization-based methods, such as disclosed in e.g.,, Drmanac,
U.S. Pat. Nos. 6,864,052; 6,309,824; and 6,401,267; and
Drmanac et al, U.S. patent publication 2005/0191656;,
sequencing-by-synthesis methods, e.g., U.S. Pat. Nos.
6,210,891; 6,828,100; 6,969,488; 6,897,023; 6,833,246
6,911,345, 6,787,308; 7,207,518; 7,462,449 and 7,501,245;
US  Publication  Application Nos,  20110059436;
20040106110; 20030064398; and 20030022267; Ronaghi,
et al, Science, 281: 363-365 (1998); and Li, et al, Proc. Natl.
Acad. Sci., 100; 414-419 (2003); ligation-based methods,
e.g., U.S, Pat, Nos. 5,912,148 and 6,130,073; and U.S. Pat.
Appin Nos. 20100105052, 26070207482 and 20090018024,
nanopore sequencing e.g., U.S. Pat. Appln Nos.
20070036511; 20080032301; 20080128627, 20090082212;
and Soni and Meller, Clin Chem 53: 1596-2001 (2007)), as
well as other methods, eg, US. Pat. Appln Nos.
20110033854, 20090264299, 20090155781,  and
20050005252; also, see, McKernan, et al, Genome Res.,
19:1527-41 (2009) and Bentley, et al., Nature 456:53-39
(2008), all of which are incorporated herein in their entirety
for all purposes.

Applications of Assay System

It will be apparent to one skilled in the art upon reading
the present disclosure that there are numerous important
areas of biological research, diagnostics, and drog develop-
ment that will benefit from a high throughput multiplexed
assay sysiem thai can measure simultaneously the amount
and spatial location of a biological target in a biclogical
sample. For example, combining the ability to estimate the
relative abundance of different RNA transcripts with the
ability to reconstruct an image of spatial patterns of abun-
dance across many locations, which may be as small as or
even smaller than individual cells, in a tissue enables many
different areas of basic research. The following are exem-
plary uses and are by no means meant to be limiting in
scope.

In one example, 3-dimensional patterns of gene expres-
sion are determined by analyzing a series of tissue sections,
in & manner analogous to image reconstruction in CT
scanning, Such a method can. be used to measure changes in
gene expression in disease pathology, e.g., in cancerous
tissue and/or a tissue upon injury, inflammation or infection.
With the assay systems of the invention, more detailed
information on gene expression and protein localization in
complex tissues is obtained, leading to new insights into the
function and regulation both in normal and diseased states,
and provides new hypotheses that can be tested. For
example, an assay system of the invention may enable some
of the insights gained from many individual studies and
larger programs like ENCODE (Birney, et al,, Nature, 447
799-816 (2007)) and modENCODE to be integrated at the
tissue level. The assay systems also aid computational
efforts to model interacting networks of gene expression in
the field of systems biology.

The assay systems also provide a novel approach to
analysis of somatic vatiation, e.g., somatic mutations in
cancer or variability in response to infectious ofganisms, For
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example, tumors are typically highly heterogeneous, con-
taining cancer cells as well as genetically normal cells in an
abnormal local environment. Cancer cells undergo mutation
and selection, and in this process it is not unusual for local
clones to develop. Identifying relatively rare somatic muta-
tions in the conlext of tumors may enzble the study of the
role of key mufations in the selection of clonal variants.
Transcriptional patterns associated with angiogenesis,
inflammation, or other cancer-related processes in both
cancer and genetically normal cells can be analyzed for
insights into cancer biology and assist in the development of
new therapeutic agents for the treatment of cancers. In
another example, individuals have varying susceptibility to
infectious organisims, and the assay systems of the invention
cart be used to study the interaction between microbes and
tissues or the various cell types within the tissue.

Importanily, in addition to providing spatially-associated
information, the invention allows a great increase in the
sensilivity of detecting rare omntations, as signal to noise can
he dramatically increased since only a small location is
assayed in any given reaction. In a typical assay for rare
mutations in a mixed sample, the sample is treated in bulk,
i.e., nucleic acids are extracted from many cells into a single
pool. Thus, if a mutation is present in one cell in 10,000, it
must be detected against a background of normal DNA from
10,000 cells. In contrast, with the assay systems of the
invention many cells can be analyzed, but individual cells or
small groups of cells would be identified by the spatial
coding system, Therefore, in the assay systems of the present
invention, background is reduced by orders of magnitude,
greatly increasing sensitivity. Furthermore, the spatial orga-
nization of mutant cells can be observed, which may. be
particularly important in detecting key mutations in tissve
sections in cancer. Already molecular histological analyses
are yielding insights into cancer biology and may have
potential for use in diagnostics. The technology of the
invention promises to greatly increase the power of such
approaches.

The present invention provides assays, assay systems, and
methods of using such assays in spatially encoded biological
assays, 'The invention provides an assay system comprising
one or more agents provided in defined spatial patterns on a
substrate surface, and a detection system for identifying the
presence or absence, relative amount, and location of a
biological molecule. Such biological molecules include, but
are not limited to, nucleic acids, peptides, carbohydrates,
cellutar components, and the like. The assay system is a
novel nmltiplexing approsch, as it allows multiple mol-
ecules and their respective multiple locations to be identified
in a single system using a unique encoding scheme. This
encoding scheme uses both molecule-specific binding
agents and coding identifiers to provide a practical and
cost-effective determination of information on multiple bio-
logical molecules, inchwding specific positional information
of such molecules in a biological sample, e.g., a tissue
section, The single molecule detection analysis using the
encoding system also allows relative amounts of biological
molecules to be defected, thus providing information on
expression levels, sequestering in specific locales, and the
like.

The assay systems detect the presence or absence, and
relative amount, of a biological molecule at more than one
spatial location in a sample. In addition, the assays provide
methods for doing this for multiple biological molecules
simultaneously. The assay systems utilize one or more
binding agents that specifically bind to the biological mol-
ecule of interest and unique coding identifiers associated
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with specific binding agents, The detection system uiilizes a
method for identifying the presence and spatial address of
the agent binding based on the positive andfor negative
resulis that are obtained using detection of the agent and
identifier and the encoding scheme of the spatial patterns on
the substrate surface. In a specific aspect, the encoding
sclieme employs limited reagent delivery to the spatial
patterns on the substrate surface, and access of the coding
identifiers and/or binding agents to portions of the sample is
controlled through such limited delivery.

In one aspect, the assay system delects the presence or
absence and spatial location of & biological molecule based
on the positive and/or negative results that are obtained
using limited reagent delivery and the encoding scheme of
the spatial patterns on the substrate surface.

The assay system and metheds of the invention are based
on relatlonal, solid-state substrates with positions that rep-
resent specific spatial locations within a biological sample,
e.., a cell, organelle or tissue. The ability to use encoding
features to represent locations allows high-thronghput
analysis of the presence or nhsence, and relative amount, of
a biclogical melecule at more than one spatial location in a
saniple. The encoding features also allow provide assaying
of multiple biclogical molecules at these multiple locations
simultaneously.

A primary feature of the invention is the preservation of
the spatial organization of elements in a sample of interest
through the use of an encoding scheme. For example, the
assay may be designed o preserve the relative position of
cells in a tissue, and the assay may interrogate the individual
cells for genomic DNA variation (including epigenetic
modifications), and RNA and protein expression,

In cne specific aspect, the encoding scheme of the assay
system comprises the use of two or more coding patterns,
gach comprising regions defined by spatial patterns on the
substrate surface. For example, the assay system can utilize
an encoding scheme that comprises a 2-dimensional grid
format based on the discrete positioning of the binding
agents in the substrate surfaces, In another example, the
spatial patterns may be based on more randomized cell
locations, e.g,, the patterns on the substrate surface follow an
underlying biological structure rather than a strict, X,y grid
pattem. This aspect includes systems with iwo or more
substantially identical spatial patterns vsing different bind-
ing agents andfor coding identifiers, as well as systems
having different paiterns for different agents and/or coding
jdentifiers. The encoding scheme of the systems can be
centrolled by delivery of different reagents to discrete
regions on the substrate surfaces, which allows diflerent
reactions to take place on substantially similar agents of
known location on the substrate surfaces.

In one specific aspect, the invention provides high reso-
lution, high-throughput analysis of nucleic acids and/or
expression levels that provides both detection and spatial
identification of large numbers of nucleic acids, e.g,, DNA
or RNA.

In another specific aspect, the invention provides high
resolution, high-throughput analysis of proteins that pro-
vides both detection and spatial identification of large nuni-
bers of such proteins, c.g., kinascs or proteases.

Numerous reagent delivery systems can be vsed with the
assay system of the invention. The primary criteria of such
reagent delivery systems is the ability to direct delivery of
specific agents based on spatial patterns on the subsirate
surface.

In one prefemred aspect, the enceding scheme utilizes a
reagent delivery system based on printing and informatics
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technologies to implement the spatial patterns uwsed for
jdentification and localization of the biological materials.
For example, the patterns found in the encoding scheme may
be created using ink jel printing technology to provide
reagents at specific locations on one or more subsirate
surfaces, The desired patterns are set out in specific coding
patterns on the substrate surface.

In certain aspects of the invention, the binding agents are
immobilized directly to the substrate surface, and the loca-
tion of the binding agents is known ot determined prior to
use of the substrate surface in the assay system. In another
aspect, the binding agents are immobilized onto beads or
other separate structural slements that are then provided in
known locations on the substrate surface. In yet another
aspect, the binding agents may be provided in or on features
of the substrate surface, e.g., provided in wells or channels.

In specific aspects of the invention, the binding agents are
nucleic acids immobilized directly or indirectly to the sub-
sirate surface, e.g., directly through the use of amino groups
on the substrate surface or indirecily through the use of a
linker. The lecation of the nucleic acid sequences is known
or determined prior to use of the substrate surface in the
assay system. In another specific aspect, the nucleic acids
may be immobilized directly or indirectly onto beads that
are then provided in known locations on the substrale
surface. In yet znother aspect, the nucleic acids may be
provided in or on features of the subsirate surface, e.g,
provided in wells.

In these aspects involving nucleic acid agents, any meth-
ods of sequence determination can be used, e.g., sequencing,
hybridization and the like. In a preferred aspect, nucleic acid
sequencing, and preferably next-generation sequencing, is
used to decode the spatial encoding scheme in the assay
system of the invention. This provides a very wide dynamic
range for very large numbers of assays, allowing for efficient
multiplexing.

In some aspects, the assay utilizes two or more oligo-
nucleotides, the oligonucleotides comprising a universal
primer region and a region that correlates specifically to a
single spatial pattern within the spatial encoding scheme. In
a specific aspect, the assay comptises two allele specific
oligonucleotides and one locus specific oligonuclectides.
These oligonucleotides allow the identification of specific
SNPs, indels or mutations within an allele, This is uselul in
the identification of genetic changes in somatic cells, geno-
typing of tissues, and the like.

In other specific aspects of the inventien, the binding
agents are peptides. In one aspect, these peptides are asso-
ciated directly or indirectly to known locations on a sub-
strate surface, e.g., using binding protein pairs or through
oligonucleotide linkers complementary to oligonuclectides
on the substrate surface, In another aspect, the binding
agenis are peptides are immobilized directly or indirectly
onto beads or other separate structural elements that are thon
provided in known locations on the substrate surface. In yet
another aspect, the peptides may be provided i or on
features of the substrate surface, e.g., provided in wells.

In yet other specific aspects of the invention, the binding
agents are chemical entities (e.g., small melecules) that are
coded, e.g. using sequence tags or mass spectroscopy tags as
coding identifiers. In one aspect, these chemical entities can
be are immobilized directly to the substrate surface. In
another aspect, the binding agents are immobilized onto
beads or other separate structutal elements that are then
provided in known locations on the substrate surface. In yet
another aspect, the binding agents may be provided in or on
features of the substrate surface, e.g., provided in wells.
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The assay system of the invention can utilize various
detection mechanisms, based on the molecules to be
detected and the reagents needed for such detection system,
BExemplary methods that can be used with the assay systems
of the invention are described in more detail below.

The Invention in General

The assay system and methods of the invention are based
on relational methods that allow exiraction of data to detect
the presence or absence and relative amount of a biolagical
molecule, and the location of this molecule in a sample
having a distinct structure, e.g., a tissue section or other
biological structure with distinct locations of specific bio-
logical molecules. The encoding scheme used in these
systems cotresponds to the structural elements of the
sample, and the information obtained using a two-dimen-
sional coding system is indicative of the spatial addresses of
these molecules in a sample of interest.

Integral to the assay system of the invention is a method
for spatial patterning of reagenis, Technologies for formu-
Iating and delivering both biological molecules (e.g. DNA or
antibodies) and chemical reagents (e.g., small molecules or
dNTPs) have already been demonstrated, and use of these
systems will be available to one skilled in the art and easily
adaptable upon reading this specification.

The assay design of the invention provides an accurate
and easily scalable spatial encoding system. The ability to
deliver reagents in a spatially defined pattern together with
software, reagents and protocols comprises a novel and
highly innovative assay system for spatial analysis of vari-
ous biological molecules and activities. This allows the
assays to measure numerous biological functions in a mean-
ingful spatial environment, including functions such as gene
expression and peptide localization. The systems provide the
potential 1o open a new analytical window into the complex
spatial patterns of cellular fanction and regulation in bio-
logical systems.

‘The biological molecules to be detected can be amy
biological molecules such as proteins, nucleic acids, lipids,
carbohydrates, ions, or multicomponent complexes contain-
ing any of the above. Further examples of subcellular objects
include organelles, eg., mitochondria, Golgi apparatus,
endoplasmic reticulumn, chloroplast, endocytic vesicle, exo-
cytic vesicles, vacuole, lysosome, elc.

FIG. 4 illustrates such a targel-specific assay sysiem for
identification of nucleic acid sequences in a sample. In this
system, two reagents 420, 422 that specifically bind to a
biological molecule of interest are associated with coding
identifiers 406, 408 that encode for a spatial location in the
sample. These coding identifiers 406, 408 are optionally
associated with sites that assist in their identification in the
assay foruat, e.g,, universal priming sites 404, 410 for
amplification of the assay products or adapters to enable
identification of the coding identifiers and the binding agents
using sequencing technologies. The sample that is tested,
here shown as a tissue section 416 is encoded using the
combination of the patterns 412, 414 created using the
separate coding identifiers 406, 408 which provide a two
dimensional code 418 that shows the location of any positive
detection of the biological molecule 402 as well as quanti-
fying the biological molecule 402 at each location assayed
in the tissue,

The assay systems of the invention are particularly advan-
tageous in that they are compatible with numerous samples
types, such as fresh samples, such as primary tissue sections,
and preserved samples including but not limited to frozen
samples and paraformalin-fixed, paraffin-embedded (FFPR)
samples. An important aspect of the assay systems of the
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invention is that the binding agenis are immobilized on a
substrate surface in discrete, independently measureable
areas. These discrete areas can be formed by spatially
selective deposition of the binding agents on the substrate
surface. Numerous methods can be vsed for the deposition
of the agent and the coding identifiers associates with the
agent. For exampie, the coding identifiers can be delivered
together or separately from the agent. If delivered together
they can be attached (e.g., synthesized as a single molecule
or attached through ligation or a chemical coupling mecha-
nism) or simply mixed together o be attached after delivery
to the subsirate. In a preferred aspect, the agent and the
coding identifier are made separately, mixed together for
altachment, and delivered either atiached or as a mixture to
be attached on the surface. In a specific aspect the binding
agents are delivered generally over the substrate surface and
the coding identifiers are delivered in a pattern-specific
manner,

BExamples of methods that can be used for deposition of
agents and/er coding identifiers onto the substrate surface
include, but are not limited to, ink jet spotting, mechanical
spotting by means of pin, pen or capillary, micro contact
printing, flnidically contacting the measurement areas with
the biological or bicchemical or synthetic recognition ele-
ments upon their supply in parallel or crossed micro chan-
nels, upon exposure to pressure differences or to electric or
electromagnetic potentials, and photochemical or photo-
lithographic immobilization methods.

For several applications, it may be preferred to arrange the
substrates into segments of one or more measurement areas
for reagent distribution and agent determination. These
regions may be physically separated using barriers or chan-
nels. They may still comprise several additional discrete
measurement areas with agents that are different or in
different combination from each other.

In certain aspects, the present invention provides a
method, e.g., a machine-based method, for evaluating
changes in the presence and/or location of a biological
molecule over time. The method includes providing a plu-
ratity of encoded array results representative of the biclogi-
cal molecule over time and evaluating the differences in
detection and/or localization of the biclogical molecules.
Nucleic Acid Detection and Localization

In a particular aspect, the assay system is used to analyze
nucleic acids, e.g genotyping, gene expression analysis,
localization of particular transcripts within samples, and the
like.

Genotyping may be performed using any technique
known to those of skill in the art. Preferred techniques
permil rapid, accurate determination of multiple variations
with a minimum of sample handling. Some examples of
suitable techniques involve but are not limited to direct
DNA sequencing, capillary electrophoresis, hybridization,
allele-specific probes or primers, single-strand conformation
polymorphism analysis, nucleic acid arrays, bead arrays,
restriction frapment length polymorphism analysis, cleavage
fragment length polymorphism analysis, random amplified
polymorphic DNA, ligase detection reaction, heteroduplex
or fragment analysis, differential sequencing with mass
spectrometry, atomic force microscopy, pyrosequencing,
FRET (e.g., TagMan (Applied Biosystems, Inc., Foster City,
Calif') and Molecular Beacon (Stratagene, La Jolla, Calif.)
assays), and other related techniques, Several methods for
DNA sequencing are well known and generally available in
the art. See, for example, Sambrook, et al., Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Labo-
ratory, New York) (2001); Ausubel, et al., Current Protocols
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in Molecular Biclogy (John Wiley and Sons, New York)
{1997), Twyman, et al. (2003) “Techniques Patents for SNP
Genotyping”, Pharmacogenomics 4(1):67-79; and Kris-
tensen, et al. (2001) “High-Throughput Methods for Detec-
tion of Genetic Variation”, BioTechniques 30(2):318-332.
For details on the use of nucleic acid arrays (DNA chips) for
the detection of, for example, SNPs, see U.8. Pat. No.
6,300,063 issued to Lipshultz, et al., and U.S. Pat. No.
5,837,832 to Chee, et al,, HuSNP Mapping Assay, reagent
kit and user manual, Affymetrix Part No. 90094 (A ffymetrix,
Santa Clara, Calif.). The molecular inversion probe (MW)
assay format ([lardenbol et al., 2003) is another example of
a highly multiplexable assay that may be used with the assay
systems of the invention.

In one exemplary and preferred method for analyzing
mucleic acids using the assay system of the invention, the
detection of nucleic acids uses two allele-specific oligo-
nucleotides and a locus specific oligonucleotide. The assay
methods are carried out according to the strategy outlined in
FIG. 2 using next-generation sequencing or another highly
parallel nucleic acid assay technology. In this assay, a set of
two oligonucteotides is designed to hybridize to each target
sequence, with a common oligonucleotide and two unique
coding identifiers. The allele can be determined, e,g, by
primer exlension of the locus specific oligonucleotide. Fol-
lowing primer extension and ligation, an amplifiable tem-
plate is formed with universal primer sequences at either
end. Assay oligonucleotides are annealed to a template and
enzymatic reactions are used to join the two cligonucle-
otides only when both are correctly annealed. The detection
fechniques and read out parameters used in this system of the
invention include a much shorter tag than the cfigonucle-
otides used in the assays that are based on capture by
hybridization. These shorter tags are dosigned to be read out
by sequencing or, preferably, used to ligate codes onto both
ends of the fragment as illustrated in FIG. 2.

In FIG. 3, two target-specific assay oligonucleotides are
ligated together 302 following in situ hybridization to target
sequences. At the same time, encoding cligonucleotides
containing tag sequence sets X and Y are ligated 304 to the
target specific oligonucleotides, Oligonuclectides contain-
ing X ligate specifically to one side of the fargeting construct
and oligonucleotides containing Y ligate to the other. The
oligonucleotides conlain wniversal primer sites P1 and P2,
Following ligation, the constructs are ¢luted and, optionally,
sequencing adapters can be attached 306, e.g., via PCR.

In one preferred aspect, the final construct created from
the assay method is a substrate for next-generation sequenc-
ing, and highly paraliel next-generaticn sequencing methods
are used to confirm the sequence of conmstructs. Such
sequencing metheds can be camried out, for example, using
a one pass sequencing method or using paired-end sequenc-
ing. Nexi generation sequencing methods include, but are
not fimited to, hybridization-based methods, such as dis-
closed in Drmanac, U.S. Pat. Nos. 6,864,052, 6,300,824,
and 6,401,267; and Drmanac et al, U.S, patent publication
2005/0191656, and sequencing by synthesis methods, e.g.,
Nyren et al, U.S. Pat. No. 6,210,891; Ronaghi, U.S. Pat. No.
6,828,100, Ronaghi et al (1998), Science, 281: 363-365;
Balasubramanian, 11.S. Pat. No. 6,833,246; Quake, U.8. Pat.
No. 6,911,345; Li et al, Proc. Natl. Acad. Sci., 100: 414-419
(2003); Smith et al, PCT publication WO 2006/074351; nse
of reversible extension terminators, e.g., Turner, U.S, Pat,
No. 6,833,246 and Tumer, U.S. Pal. No. 6,833,246 and
ligatien-based methods, e.g., Shendure et al {2005), Science,
309: 1728-1739, Macevicz, U.8. Pat. No. 6,306,597; which
references are incorporated by reference. Soddart et al,
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PNAS USA. 2009 Apr. 20; Xiao et al., Nat Methods, 2009
March; 6(3):199-201. Epub 2009 Feb. 8.

To maximize the efficiency of encoding, a combinatorial
approach using pairs of oligonucleotides can be used. For
example, with only two sets of 100 codes, a substrate can
theoretically encede up to 10,000 locations. The number of
assay oligonucleotides required is dramatically reduced, the
cost decreased, and the robustness of the approach increased
by decoupling the coding sequences from the genome-
specific sequences. Alternative assay formats can also be
used {e.g. ligation or primer extension followed by ligation),

By ligating the codes on separately, only 2n target-specific
assay oligonucleotides are needed for n targets, For
example, assaying 100 different targets at 10,000 spatial
locations would require 2x100 targeting oligonucleotides
and 2x100 encoding oligonucleotides, using a combinatorial
approach ouilined in FIG. 2. The total count of assay
aligonucleotides wonld be only 400 (200 target-specific and
200 encoding), not counting universal primers. In contrast,
if the coding oligonucleotides. were not decoupled, (nxX
positional codes)+{nxY positional codes) would be needed,
ot in the above example, 20,000 oligonucleotides, not count-
ing universal primer sequences.

Due to the matrix system of the invention, a large amount
of information can be obtained even using five or more
positions interrogated for five or more biological molecules.
By varying ane or the other of these, large amounts of
information can be obizined, both in terms of locations
and/or specific biological In specific aspects, multiple loca-
tions are interrogated for two or more biological molecules.
As an example, for each datapoint ~1,000 reads may be
sampled, fot a total of ~10E9 reads for 10B6 datapoints.
Peptide Detection Systems

The assay system of the invention can be used to analyze
biological molecules using peptide agents that are associated
with the subsirate surface in a spatial pattern, Such peptides
may comprise an active region of an enzyme, a binding
domain of an immmeoglobulin, defined domains of proteins,
whole proteins, synthetic peptides, peptides with introduced
mutations, eic.

The assay system of the invention allows the identifica-
tion and spatial location of various forms of peptides,
including iscforms and peptides that have undergone post-
translational modification. Importantly, certain aspects of
the invention allow the identification of active versus non-
active forms of such peptides in a sample. This allows the
identification of the presence or absence of specific peptide
isoforms, and also acts as a proxy for identification of
peplide activity in a sample.

In cerlain aspects of the invention, the binding agents
associated with the substrate surfaces of the assay system
include substrates for enzymes or proenzymes, e.g., o
kinase, a phosphatase, a zymogen, a protease, or a fragment
thereof. Tn cettain aspects, the binding agents associated
with the subsirate surfaces are phosphorylation substrates
used to detect proteins involved with one or more signal
transduction pathways, e.g., a kinase or a phosphatase, In
ancther specific aspect of the invention, the binding agents
are specific protease substrates that associate only with
individnal or classes of profeases. In other aspects, the
binding agents on the substrate surface are different pro-
cessed forms, isoforms and/or domains of an enzyme.
Reagent Delivery

The reagent delivery system of the invention can be any
system that allows the delivery of reagents o discrete
portions of the array in order to keep the integrity of the
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defined spatial patterns of the encoding scheme. Such dis-
crete delivery can be achieved in a number of different ways,

In one exemplary aspect, the reagent delivery system can
be a flow-based system. The flow-based systems for reagent
delivery in the present invention can include one or more
pumps, valves, fluid reservoirs, channels, and/or reagent
storage cells, Such a reagent delivery system is configured
to move fluid in contact with a discrete section of the
substrate surface. Movement of the reagents can be driven
through a fluid by a pump disposed, for example, down-
stream of the fluid reagents. The pump can drive each fluid
reagent to (and past) the reaction compartment. Alterna-
fively, the reagents may be driven through the fluid by
gravity.

US Appln Nos, 20070166725 and 20050239192 disclose
certain general-purpose fluidics tools that can be used with
the assay systems of the invention. These allow the precise
manipulation of gases, liqnids and solids to accomplish very
complex analytical manipulations with relatively simple
hardware.

In a more specific example, one or more flow-cells can be
attached to the subsirate from above. The flow-cell can
include inlet and outlet tubes connected thereto and option-
ally an external pump can be used lo deliver the sample or
reagents to the flow-cell and across the substrate. The flow
cell is configured to deliver reagents only to certain portions
of the array, restricting the amount and type of reagent
delivered to any specific section of the array.

In another aspect, a microfluidic system can be integrated
into the substrate or externally attached on top of the
substrate. Microfluidic passages for holding and carrying
fluid can be formed on and/or above the planar substrate by
a fluidics layer abuited to the substrate. Fluid reagents can be
selected according to selective opening and closing of valves
disposed between reagent reservoirs.

Pumps generally include any mechanism for moving Avid
and/or reagents disposed in fluid. In some examples, the
pump can be configured to move fluid andfor reagents
through passages with small volumes (i.e., microfluidic
sttuctures). The pump can operate mechanically by exerting
a positive or negative pressure on fluid and/or on a structure
carrying fluid, electrically by appropriate application of an
electric field(s), or both, among others. Exemplary mechani-
cal pumps may include syringe pumps, peristaltic pumps,
rotary pumps, pressurized gas, pipettors, etc. The mechani-
cal pumps may be micromachined, molded, etc. Exemptary
electrical pumps can include electrodes and may operate by
electrophoresis,  electroendoosmosis,  electrocapillarity,
dielectrophoresis (including traveling wave Torms thereof),
and/or the like.

Valves generally include any mechanism for regulating
the passage of fluid through a channel. The valves can
include, for example, deformable members that can be
selectively deformed to partially or completely close a
channel, a movable projection that can be selectively
extended info the channel to partially or completely block
the chaanel, an electrocapillary structure, and/or the like.

In yet another aspect, an open gasket can be attached to
the top of the substrate and the sample and reagents can be
injected into the gasket. Suitable gasket materials include,
but are not limited to, neoprene, nitrile, and silicone rubber.
Alternatively, a watertight reaction chamber formed by a
gasket sandwiched between the substrate and a chemically
inert, water resistant material such as, but not limited to,
black-anodized aluminum, thermoplastics (e.g,, polystyrene,
polycarbonate, etc), glass, etc,
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In a specific aspect of the present invention, the delivety
system can compnse a microcircuit arrangement including
an imager, such as a CCD or IGFET-based (e.g., CMOS-
based) imager and an ultrasonic sprayer for reagent delivery
such as described in US Appln No. 20090197326, which is
incorporated herein by reference,

In yet another aspect of the invention, the reagent delivery
system controls the delivery of reagents to specific patterns
on a substrate surface using semiconductor techniques such
as masking and spraying. Specific areas of a substrate
surface can be protected from exposure to reagents throngh
use of a mask to protect specific areas from exposure, The
reagents may be introduced to the substraie using conven-
tiona] techniques such as spraying or fluid flow. The nse of
the masked substrate delivery resulis in a patterned delivery
scheme on the substrate surface.

In a preferred aspect of the invention, the reagent delivery
instrumentation is based on inkjet printing technology.
There are a variety of diflerent ink-jetting mechanisms (e.g.,
thermal, piezoelectric) and compatibility has been shown
with aqueous and organic ink formmlations. Sets of inde-
pendently actuated nozzles can be used to deliver multiple
reagents at the same time, and very high resolutions can be
achieved.

Software for Use in the Assay System

In order to target specific sites of interest, an informative
image of the biological section to be analyzed can be used
to assist in the rcagent delivery mothods and associated
encoding scheme. Sample regions can be identified using
image processing (e.g., images of cell types differentiated by
immunochistochemistry or other staining chemistries) inte-
grated wiih the other features of the assay system. In some
aspects, sofiware is used to automatically translate this
information into & reagent delivery pattern. A mechanism to
register and align very precisely the biological sample in a
targeting system is thus a preferred component of the assay
systems of the invention. Mechanisms such as the use of
fiducial markers on slides and other very accurate physical
positioning systems can be adapted to this purpose.

Additional software components will also be key com-
ponents that will be part of a complete assay system. The
invention thus prefetably comprises a complete svite of
software tailored to the assay system. Optionally, oligo-
nucleotide design software will be customized for the spe-
cific assay to be run, and may be integrated as a part of the
system. Also optionally, algorithms and software for data
analysis may be integrated to assist in determination of
results of the assays. This can be especially useful, as the
type of dataset that will be generated will be novel, particu-
larly as a consequence of scale. The ability to provide
algorithms and software tools that are specifically designed
for analysis of spatially-associated data for significant pat-
tems, including pattern-analysis software and visualization
tools, is a novel feature that will enhance the value of the
data generated by the assay systems.

In certain aspects, the assay system will comprise pro-
cesses for making and carrying out quality control of
reagents, e.g., the integrity and sequence fidelity of oligo-
nucleotide pools. In particular, reagents will need to be
Tormulated for compatibility with the reagent delivery
instrumentation. Factors such as volatility, stability at key
temperatures, and chemical compatibility can be optimized
by those skilled in the art upon reading the present disclo-
sure,

Applications of Assay System

It will be apparent to one skilled in the art upon reading

the present disclosure that there are mumerous very impor-
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tant aress of biological research, diagnostics, and drug
development that will benefit from a high throughput means
to simultaneously measure the presence or absence and
spatial location of a biclogical molecule in a sample. For
example, this technolegy combining the ability to analyze
semi-quantitatively the expression of many different genes
with the ability to image the spatial organization of expres-
sion across many cells in a tissue is enabling for many
different areas of basic research. The following are exem-
plary uses and are by no means meant o be limiting in
scope,

In one example, 3-dimensional patterns of expression can
be determined by analyzing a series of tissue sections, in a
manner analogous to image reconstruction in CT scanning.
This can be used to measure changes in gene expression in
disease pathology, e.g, in cancerous tissue and/or a tissve
upon injury, inflamomation or infection, With the assay
systems of the invention, more detailed information on gene
expression and protein localization in complex tissues can
be obtained. This may lead to new insights into the function
and regulation hoth in normal and diseased states, and is
likely to provide new hypotheses that can be tested. For
example, a system of the invention may ehable some of the
insights gained from many individual studies and larger
programs like ENCODE (Birney ¢t ak,, 2007) and modEN-
CODH to be integrated at the tissue level, The assay systems
will also aid in computational efforts to model interacting
networks of gene expression in the field of systems biology.

The assay systems also provide a novel appreach that
enables the analysis of somatic varation, e.g., somatic
mutations in cancer or variability in response to infectious
organisms. For example, tumors are typically highly hetero-
geneous, coniaining cancer cells as well as genetically
normal cells in an abnormal local environment. Cancer cells
undergo mutation and selection, and in this ptocess it is not
unusual for local clones to develop. Identifying relatively
rare somatic mutations in the context of tumors may enable
the study of the role of key mulations in the selection of
clonal variants. Transcriptional patterns associated with
angiogenesis, inflammation, or cther cancer related pro-
cesses in both cancer and genetically normal cells can be
analyzed for insights into cancer biology and assist in the
development of new therapeutic agents for the treatment of
cancers, .

In another example, different people have varying sus-
ceplibilify to infectious organisms, and much of this may be
to underlying genctic differences in individnals and/or popu-
lations. Identifying these differences will aid in an under-
standing of the underlying disease pathologies and assist in
the development of vaccines or therapeutics to prevent or
ameliorate these disease states.

Importantly, in addidon to providing spatially associated
information, the technology of the invention will allow a
great increase in the sensitivity of detecting rare mutations.
The reason is that signal to noise can be dramatically
increased because the approach of the invention assays a
small location in any given reaction. In a typical assay for
rare mutations in a mixed sample, the sample is treated in
bulk, i.e. nucleic acids are extracted from many cells info a
single pool. Thus, if a mutation is present in 1 cell in 10,000,
it must be detected against & background of normal DNA
from 10,000 cells. In conirast, with the systems of the
invention many cells can be anakyzed, but individual cells or
small groups of cells would be identifidd by the spatial
coding system. Therefore, the backgrennd can be reduced by
orders of magnitude, greatly increasing sensitivity, Further-
more, the spatial organization of mutant cells can be
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observed. This may be particularly important in detecting
key mutations in tissue sections in cancer. Already, molecu-
lar histological analyses are yielding insights into cancer
biology and may have potential for use in disgnostics (Choe
et al., 2003). The technology of the invention promises to
greatly increase the power of such approaches.

EXAMPLES

The following examples are put forth so as to provide
those of ordinary skill in the art with a complete disclosure
and description of how to make and uvse the present inven-
tion, and are not intended fo limit the scope of what the
inventor regards as his invention, nor are they intended to
represent or imply that the expetiments below are all of or
the only experiments performed. It will be appreciated by
persons skilled in the art that numerous variations and/or
modifications may be made fo the invention as shown in the
specific embodiments without departing from the spirit or
scope of the invention as broadly described, The present
embodiments are, therefore, to be considered in all respects
as illustrative and not restrictive.

Efforts have been made 1o ensure accuracy with respect to
numbers used {(e.g., amounts, temperature, etc.) but some
experimental errors and deviations should be accounted for,
Unless indicated otherwise, parts are parts by weight,
molecular weight is weight average molecular weight, tem-
peratute is in degrees centigrade, and pressure is at or near
atmospheric.

Example 1: Initial Proof of Concept of Encoding
Scheme

As an initial proof of concept, a model system is devel-
oped using a microarray to demonsirale a working single-
plex assay. The basic design validates the concept of the
assay, and establishes a working assay prior to addressing
issues related to the analysis of a more complicated biologi-
cal sample. Conventional sequencing is used as a readout for
this preof of concept.

A microarray is used as a proxy for a tissue section, The
target sequences of the microarray are fully specified, so that
the composition of the targets are known and can be varied
systematically. Synthetic oligonucleotide templates are
attached to a glass slide via a 5' amino modification. Each
slide has a single oligonuclectide template sequence, and the
assays that are carried out may employ either ligation, or
exiension followed by ligation as this may be useful in
determining certain polymorphisms.

Ongce the in situ part of the assay is complete, the reaction
products are cluted and analyzed by qPCR fo determined
presence or absence of a product and estimate yield, and by
conventional sequencing to determine the structure of the
assay products. The single plex assays that are tested include
appropriaie pusifive and negative controls, and a single
nucleotide variant (SNV) to check ability to discriminate
single base variants.

Example 2: Scalability

The complexily of the assay system is increased fo
establish scalability of the assay for use in high throughput
studies. Scalability of both the spatial encoding and assay
systems is demonsirated by carrying out a 24-plexx24-site
assay using a microarray model system.

The amount of biclogical target, here a DNA target
sequence, at each assay location is systematically varied on
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microarray subsitate. For example, in a microarray with 50
micron spot size (center to center), a 1 mm? area contains
~400 spots. The region around each site is aptionally occu-
pied by a region that is deveid of these spots to allow
individual resolvability of the target sequences. Alterna-
tively, the spots may be clustered, with two or more directly
adjacent spots surrounded by or adjacent to a region that is
devoid of target sequences.

In order to demonstrate that spatial encoding is accurate,
the sites comprise different target compositions to show that
the assay readout matches the expected composition of each
site. With 24 target sequences, a simple digital pattern is
made with each site having a different set of 12 targets
present and 12 targets absent, to make a binary code
(O=absent, 1=present). The assay readout is then determined
to show that the detected regions match the expected signal
after spatial decoding. In this particular example, the code
space is large enough (2**) so that even a few errors would
not result in different codes being mixed up. Moreover, this
design allows identification of errors and allows an estima-
tion not only of accuracy of spatial encoding but also of
accuracy calling the presence or absence of target sequences.

In an exemplary aspect, a 4x4 arrangement of 16
sequences is used for the array configuration. A white square
indicates thet the sequence is absent and a black square that
it is present, i.e. 8 of the 16 possible sequences are present
in this sample. In a different sample, a different pattern of
absent and present sequences can be consiructed, In this
way, unique patterns are associated with spatial locations so
that the accuracy of spatial encoding can be measured,

The ability to detect quantitative differences is evaluated
by generating dose-response curves for each of the 24 assays
that are carried out at each site in a 24-site assay. This allows
eslimation of the limit of detection, dynamic range, and
power to detect a given fold-change across the range,

In one aspect, a latin square design is used to represent
individual targets at different ratios by varying the number
of features for each target. In other words, with multiple
spols in a site, the number of spots allocated to each of the
24 target sequences can be varied and each of the 24 sites
can have a different composition. A 1x3 inch microarray is
sufficiently large to permit multiple replicates. This larger set
of 24 sequences will require deconvolution, and this is
accomplished using high throughput techniques such as
nexi-generation sequencing technologies (e.p.,, SOLiD™
technology (Life Technologies, Inc., Carlsbad, Califl) or
Genome Analyzer (Illumina, Inc., San Diego, Calif.)). The
use of the 24-plex assay demonstrates both the accuracy of
spatial encoding and decoding, and the quantitative response
of the assay system.

Example 3: Adaptation of the Assay to Preserved
Samples

Genomic DNA is assayed as a proof of concept for
assaying RNA, as it provides a way to establish a single-
copy reference signal. Once a working assay is developed
for FFPB samples, it is adapted to an RN A assay. To this end,
assay oligonucleotide concentrations are assayed to ensure
compatibility with high multiplexing. Assuming a cell diam-
efer of 10 microns, and delivery of a 10 micron diameter
reagent droplet to an individual cell, the volume of the
droplet will be ~500 pl and can contain ~3x10" molecules
at a concentration, To assay 1,000 target sequences in 10,000
cells, ~2,000 targeting oligonucleotides would be required in
a droplet. Therefore, each droplet could contain ~160 mil-
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lion copies of each assay oligo, a vast excess over the fow
thonsand target sequences in a cell.

The handling of small absolute nombers of product mol-
ecules generated from very small or compromised samples
are enhanced to counter the issue of low recovery efficiency;
that is, elution is eflicient and losses resulting from adsorp-
tion of molecules to surfaces are prevented. An approach to
addressing the latter issue is to include a carrier material,
such as glycogen or cartier nucleic acids.

Example 4: Adapting the Assay to a Biclogical
Sample

A control RNA template is immobilized to a solid support
in order to create an artificial system. The assay is performed
using T4 DNA ligase, which can repair nicks in DNA/RNA,
hybrids. Assays are carried out on matched slides, or dif-
ferent sections of the same slide, where in one case gDNA
is assayed and in the other RNA is assayed. When assaying
gDNA the stide can be pretreated with RNase, and when
assaying RNA the slide is pretreated with DNase. Results of
the assay are confirmed by extracting gDNA or RNA and
quantitating the relative amounts by qPCR or RT-qPCR
respectively,

In order make the tissue section RNA assays as informa-
tive as possible, pre-existing information on expression
levels in specific tisswes to target transcripts across a range
of abundances are used in the assay design. Both high
abundance transeripts, as well as some medium and low
abundance transcripts, are targeted to enable an initial
assessment of the quantitative performance characteristics
of the assay,

The preceding merely illustrates the principles of the
invention. It will be appreciated that those skilled in the art
will be able to devise various arrangements which, although
not explicitly described or shown herein, embody the prin-
ciples of the invention and are included within its spirit and
scope. I'nrthermore, all exaniples and conditional language
recited herein are principally intended to aid the reader in
understanding the principles of the invention and the con-
cepts contributed by the inventors to furthering the art, and
are to be construed as being without limitation to such
specifically recited exampies and conditions, Moreover, all
statemients herein reciting principles, aspects, and embodi-
ments of the invention as well as specific examples thereof,
are intended to encompass both structural and functiogal
equivalents thereof. Additionally, it is intended that such
equivalents include both currently known equivalents and
equivalents developed in the future, i.e., any elements devel-
oped that perform the same function, regardless of structure.
The scope of the present invention, therefore, is not intended
to be limited to the exemplary embodiments shown and
described herein, Rather, the scope and spirit of present
invention is embodied by the appended claims. In the claims
that follow, unless the tetm “means” is used, none of the
Teatures or elements recited therein should be construed as
means-plus-fonction limitations pursuant to 35 U.8.C.
§ 112, 16.

The invention claimed is:
1. A method of detecting a target mRNA in a tissue
sample, comprising:

contacting a tissue sample with a plurality of probes,
wherein a probe of the plurality of probes comprises a
capture agent that specifically binds a target mRNA of
the tissue sample and is coupled to an oligonucleotide
comprising a sequence;
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generating a nucleic acid molecule comprising all or a
portion of the sequence of the oligonucleotide or a
complement thereof and one or more nucleic acid tags
that can be used to determine a location of the target
mRNA in the tissue sample; and

determining all or a portion of a sequence of the nucleic
acid melecule or a complement thereof to detect the
target mRNA and determine its location in the tissue
sample.

2. The method of claim 1, further comprising separating
unbound probes of the plurality of probes that do not interact
with the target mRNA from the tissue sample.

3. The method of claim 2, further comprising removing
the oligonucleotide from a region of interest in the tissue
sample prior to generating the nucleic acid molecule.

4. The method of claim 3, further comprising amplifying
al least a portion of the generated nucleic acid molecule
before determining all or a portion of a sequence of the
nucleic acid molecule or 2 complement thereof,

5. The method of claim 2, wherein the separating com-
prises washing,

6. The method of claim 1, further comprising obtaining an
image of the tissue sample and detexmining a region of
interest for analysis in the tissue sample based on (he image.

7. The method of claim 6, wherein the location of the
target mRNA in the tissue sample corresponds o the region
of interest, and whetein the one or more nucleic acid tags are
uniquely associated with the region of interest in the tissue
sample.

8. The method of claim 1, wherein the probe is a first
probe, the capture agent is a first capture agent, the target
mRNA is a first target mRNA, the cligonucleotide of the
probe is a first oligonucleotide, and the sequence of the
oligoruicleotide is a first sequence, and wherein a second
probe of the plurality of probes comprises a second capture
agent that specifically binds a second target mRNA of the
tissue sample and is coupled to a second oligenucleofide
comprising a second sequence,

9, The methed of claim 8, wherein the first and second
capture agetits are the same and the first and second target
mRNAs are the same.

10, The method of claim 9, wherein the first target mRNA
is located in a first region of interest of the 1issve sample, the
second target mRINA is located in a second region of interest
of the tissue sample different from the first region of interest,
the nucleic acid molecule is a first nucleie acid molecule,
and the one or more nucleic acid tags comprise a first set of
nucleic acid tags, the method further comprising:

generating a second mucleic acid molecule comprising all
or a portion of the second sequence of the second
oligonucleotide or a complement thereof and a second
set of one or more nucleic acld tags that can be used to
determine a location of the second target mRNA in the
tissue sample; and

determining all or a portion of a sequence of the second
nucleic acid molecule or a complement thereo! to
detect the second target mRNA and determine its
location in the tissue sample,

wherein the sequence of the second nucleie acid is dif-
ferent from the sequence of the first nucleic acid.

11. The method of claim 10, wherein the second set of one
or more nucleic acid tags is different from the first set of
nucleic acid tags.

12, The method of claim 10, wherein the location of the
first target mRNA corresponds to a location of the first
region of interest in the tissue sample, and the location of the
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second target mRNA corresponds to a location of the second
region of interest in the tissue sample.

13. The method of claim 8, wherein the first and second
capture agents are different and the first and second target
mRNAs are different.

14. The method of claim 13, wherein the first and second
target mRNAs are Jocated in a commeon region of interest in
the tissue sample, the nucleic acid molecule is a first nucleic
acid molecule, and the one or more nucleic acid tags
comprise a first sef of nucleic acid tags, the method further
comprising:

generating a second nucleic acid molecule comprising all

or a portion of the second sequence of the second
cligonucleatide or a complement thereof and a second
set of one or more nucleic acid tags that can be nsed to
determine a location of the second farget mRNA in the
tissue sample; and

determining all or a portion of a sequence of the second

nucleic acid molecule or a complement thereof to
detect the second target mRNA and determine its
location in the tissue sample,

wherein the sequence of the second nucleic acid is the

same as the sequence of the first nucleic acid.
15, The method of claim 14, wherein the locations of the
first and second target mRNAs each correspond to the
commen region of interest in the tissne sample.
16. The method of claim 14, comptising determining all
ot a portion of the sequence of the first nucleic acid molecule
or the complement thereof and determining all of a portion
of the sequence of the second nucleic acid molecule or the
complement thereof in parallel.
17. The method of claim 1, wherein the sequence of the
nucleic acid molecuie comprises a sequencing adapter.
18. The methed of claim 17, wherein the sequencing
adapter is located at an end of the nucleic acid molecule.
19. The method of claim 1, wherein the sequence of the
nucleic acid maolecule comprises two sequencing adapters,
20, The method of ¢laim 19, wherein the two sequencing
adapters are located at opposite ends of the nucleic acid
molecule.
21. The method of claim 1, further comprising;
contacting multiple different regions of interest in the
tissue sample with the plurality of probes; and

detecting expression of the target mRNA in two or more
of the multiple different regions of interest in the tissve
sample,

22. The method of claim 21, further comprising deter-
mining the muldtiple different regions of interest in the tissue
sample hased on histological features of the tissue sample.

23. The method of claim 21, further comprising defecting
expression of the target mRNA in one or more regicns of
interest in two or more serial sections of the tissue sample.

24. The method of claim 23, further comprising generat-
ing a three-dimensional map of expression of the target
mRNA across the two or more serial tissue sections.

25, The method of claim 21, comprising detecting expres-
sion of the target mRNA in at least 25 different regions of
interest in the tissue sample,

26, The method of claim 1, wherein the tissue sample is
a tissuo section.

27. The method of claim 26, wherein the tissue section
comprises a fresh-frozen or formalin-fixed paraflin embed-
ded (FFPE) tissue sample.

28. The method of claim 1, comprising determining all or
a portion of the sequence of the nucleic acid molecule or the
complement thereof by nucleic acid sequencing or high-
throughput sequencing.
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29. The method of claim 1, wherein the plurality of probes
comprises at least one thousand probes.

L I .
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