NONSURG CAL DETERM NATI ON OF ORGAN TRANSPLANT CONDI TI ON [ 0001] TECHNI CAL

FI ELD This invention relates to organ transplants and, in particular, to a
nonsur gi owb 20ethesoand system for the determ nation of @®Cgars2emaesps ant
condition such as acceptance or rejection. [0002] BACKGROUND ART There are
about 52,000 people in the United States on waiting lists for Kkidney

t r anspl anyenslrGiasdbeTERNINAFDNSOo renirandpiang@zORDMRIN  of ki dney di sease.
Bet ween 1996 and 1998, 94, 000 ki dney transplants were done in the United
States. T { ected kidneys in 1996 was 6% fromlive donors and
12% from egguggﬁgFgﬁmg?%er reports nention that one out of three people
recei vi ng Thik iha@itioh FeltsPloandan thaaspeandd ankl Saphrtionsr, to OHv@vurgied| eetiodnngpi sode. A
Johns Hopki ns study in 2002 nentions 12,000 kidneys are transpl anted

annual | y wistem B ecletshminadereofforgamtrianspiantiemdition sudbaeseseptanneer tdidction.of t hese
transplants find that the donors are not good matches. [0003] The | arge

per cent aggo0p] KAGKGRYUNBPARTti ons is due to actions of the inmune system
This problemis nornmally mnimzed by careful selection of donors to natch
t he reci piegieare ab@mtlﬁaweé penpleinEnedfiyiied States on weiting listoionkigreydresalantetapy t o
reduce the i mmu stem response to the new,y tra | a n. The
Chenot her AT REQR PR IeF SRR vty BrebSh a¥misk IRk o i, PLERN: |

dacl i zumaRigndhesepIse R RIBRARYNADAER sBh&. BleHRnAELATRRALEHdRYs in 1996

i Mmune- suppressing steroids. Another nethod to mnimze rejection is to
filter outwaslésomdipedorforcandriisthmci dead Homam. Olter bdpoasimehtidriteatpat oetdf; this is
referred to as plasmapheresis. [0004] These nethods are often insufficient,
resul ti ngthrae peoplecesepinedidnenisansplgats gy of [sastoae kigneyrieiection egisedee?r ej ect i on,
whi ch can,begln kYHsts{Udnin%%op%%ﬁt?on?flzba@krlltfrpe!y?anr%?rtalsg)ﬁmfga%n Faliis it 5060 days to
weeks, the'i ne "systemrecogni zeés certairn protelins on he"strrace of
cell's in bh@eldfRNSRleABhEE HINGI, GHe-thir@eMAS e AR eTRHHeFat A dJABMIaRs t O
attack the cells of the organ. The i nmune system produces B cel

| ynphocyt est gohdinaggbeer at e anti bodi es that attach to these ligands to
destroy them as well as T cells (T | ynphocytes) which react against these
forei gn ceddosjsthellREEpRERtapt BELiIGTRY Fd)ectibR ANGR BRERSs 6Bthk fnmUAtesystBm! | npor t ant
of the proteins recognizing as foreign cells are the major

hi st oconpahiapioblietnyis casrplhexin{nitdd)byichratul sgiastian ofsieners ko inptgle theerbripieds,cel | s and
are the h n-| eukocyt e- associated antigens (HLA antigens). The presence
of these ;fl 'H’f!ﬁ%\ytﬂ"éé,p“ﬁ?tloi‘?é’?? h}mrﬁ’g&he&t"é "% t%‘reé@fq 10e ITHWCHHET that the
organ is i j S i i t hat have
bound t o {RE FoiciEnbal tol e e e Sp! B MR 2% 0™ ney

al so r ecogytazporineard, gror&HCemiypdagiizmab.lTabsertbymbieapespdare e ant i bodi es CD*
and CD4 are co-receptors on T cells where CD8 is expressed primarily on

cyt ot oxi c aqogehnied bydmowyne-2inpiesengserojdsivathsr areliod $o minimicpejectorsis pr essed
primarily_on helper T cell nd,. C ass || C proteins. [00 There are a
ot e nunBBFT FfGramests enTolRt com s ol PLERGHB Y eledt B t5me Ly v o de
in the | yopbatdneresiystem and the |ynphoid organs (thynus, spleen and
appendi x). Lynphocytic cells are not normally present in any anmounts in

ot her org ut on, recogndti.on_of forei gn sybstance th exponential ly
mul'c1 pl y - S0k RS B8R G RRlenties Bl B P T R bR &I or - ot her
responses dcpidnflil$aQeLrdcbtidhIwRidlcah HREIRRANINM holi8 of fr@r&‘ﬁ‘[@htf%ﬂ&n ardl dedpé cal 1y

made to deternmine the presence of |ynphocytes through m croscopic

obser vat i overdeysab lveeksnthaimsmurirsgstemirecogmizes nertdimprojpinsiondhedurface df aeftsit | on
after the transplant due to the surgery damage itself which nust al so be

t aken i nt &edesripnied ereamngs ligindaprdspraparesang bedjesdo atterhdles cetty of dhe ¢r8&hspl ant
noni t ori ng, by i i i i L hf i . bidity.
ool 8083 Db LR LD PR ESHACRRED) C)
det er m natHead|igdhdxb Aadtrdy iadns B FBT asACR BN HiBocytes) which react against these

foreign cell-surface proteins on the transplanted cells. The most important of the proteins

recognizing as foreign cells are the major histocompatability complex (MHC) that appear on

all invertebrate cells and are the human-leukocyte-associated antigens (HLA antigens). The



[ 0007] DI SCLOSURE OF | NVENTION This application is related to U. S

provi si onal application 61/314,370, filed 3/16/2010, which application is

i ncor por aveaotierieisn by reference. The present inventionpPprTms2ades2&46yst em
and nmethod for nonsurgical determ nation of organ transplant condition such

as acceptance or _rejection. The system conprises a mag{neti c field detector,
such as aP&spEr ebRewrMRCYaRRTumY Medipted by heellsdrdiraies thadbeereanionpri si ng a

magneti c r t t ' i tizi > field to a
transpl an{B ghgge?egcgeﬁé@rﬁ Tgcg%ség ?Ogﬁ'?é %Ieg/(lzl-‘e}d(}&ré{r%{ng]t Hﬁ%ﬁ%%rbggr%n _tE é’gegg,” and a

remant nRe@hd ¢h thée QlrhcAEtRERBE cellagathedalicreetghRe for@givi HOB@ ek tBatr €Si dual
magnetic field produced by the applied pulsed field. The nagnetic pul ser

can conpr imgg bapresdnt. T amiiodieo LD ZzarsldiDdgrre chhrecaptornami caltayheriCO81si el d det ect or
can conprise an array of gradionpters. An_ex | e nmet hod, according to the
orosent | 1 RUEREFOR M IAN YELOHTRIR RSN ENS Gler ABHRIGEI g HAtE um

I nt erfere@%ﬁg?@&’brﬁﬁarﬁ%hﬁ%ﬁpe???&ll@Qﬂd EIYs AREH AW oinR! ural ity of

ant i body- | ed nagneti c nanoparticles 1nto a patient placed on a

measur ene tage for specific bhinding tg th ranspliant ed .organ; appl ying
et 1 or miUagh BEe ARG AR T e T el P e R A G PERER s | oy bcs ed
into the paldeGithe IAMHaGEYQEh IR tHeMinSHERI SRS (TREIRCL denlah@hsheRlint NE
magnet i zed nanoparticles thereby providing an I mage of the nanoparticles
bound to Umeptiotwangplsard ed nomhgdinpetent meanp ainbent in ofaer opsagyplitean t he

transpl anted organ can conprise a kidney. The anti body-| abel ed magnetic
nanopart i €3cesritigh Qfélﬁ‘if?'g%élbétaﬁ%ﬁgth@tﬁxéowi/@\/d@étﬂé\daf\ﬂi"ﬁ%d‘atflﬁio&?ﬁnﬁ‘ﬁt i bl e
coating to which is attached | east onpe,specific antibod For exanpl e,
Che magnefTiott §Me B e 3ET Prdhel FaBhsst RERERT el PRI o5 Fron

oxi de. FOkrafepfPk pichiematatt BOEMnihafe!ped e RRGARFhdpRod) Rk aRaldhi riikBScopaN
conprise anti bodies that specifically bind to T cells. [0008] BRI EF

DESCRI PTI GbéeCRtiDRAWINGS eBhe There rap énfiyal pericdrodinflamgmatiovhdfehthertenspleanor por at ed
in and formpart of the specification, i|llustrate the present invention
and, t ogefjH%'iO 0 s heaneRss EF‘?”MW'%HPUSEI@'%P‘? Bkent iRk acepYBHE RBStU]ies of His

dr awi ngs, ineke el enments are referred to by lIike nunbers. FIG 1 is a

phot ograph’™of a Superconducti ng Quantum I nterference Device (SQUJ D) sensor
systemthﬁg can be used for nonsurqi cal (leiggui?rm' ne}ti on of organ transpl ant

accept anc&00p) ggantranspiantypeniienpg Ry HensysPrigty sksdtedioB AN P $&hsor syst em f or
nonsurgi c ! i f ; in_humans. FIG 3
53 scho e T e B L e e R el T oy

cal i br ati gacepnidatins tiggh Gadspdpet REdptamaél on of organ transpl ant acceptance.
FIG 4 is a photograph of full sized kidney phantom contai ning two sources

of nanopar[doiog]l $8cLosURE OﬁrﬁV*EﬁTI@NTr ansm ssion Electron Mcroscope (TEM i mge
of the nanoparti cLI es used tor SQU D sensor imaging. FIG 5B is a T-cell

wi t h att aThiesbplieniopartlaedesU.SHrGvisiénal spplicaioaply3od,37melut at16M01¢whids for t he
CD3 anti body connecting to two T-cell lines. FIG 7 is a graph show ng the
sensi ti vi epRlisgtionidnepspangidd Aeremom dfeieners ThapreseR| idyrayion pravdes asvstetinder goi ng
rejection. Fl is a ba hart .show ng .t he net.ic signal obtained from
2t e naPbERTGY el B S A PO G PO T PSR i

bl ood. FI G @R A0S i QBRBHQRIEL AaBSetR Fieli¥RloRRudN 148 sierdAduBhg t hese same
sanples. FIGS. 9A and 9B are H & E-stained histol ogical sections of

i sogeni ¢ quarsem ghkerfergrcatievice sensor, comprising a magnetic pulser, adapted to apply a
uniform magnetizing pulse field to a transplanted organ of a patient placed on a
measurement stage; and a remnant magnetic field detector, adapted to detect and image
the residual magnetic field produced by the applied pulsed field. The magnetic pulser can
comprise a pair of Helmholtz coils. The remnant magnetic field detector can comprise an
array of gradiometers. An example method according to the present invention comprises
providing a superconducting quantum interference device sensor system; injecting a

plurality of antibody-labeled magnetic nanoparticles into a patient placed on a



[ 0009] MODES FOR CARRYI NG QUT THE | NVENTI ON AND | NDUSTRI AL APPLI CABI LI TY
The present invention can use a Superconducting Quantum I nterference Device
(SQUI D) wagnatiieissensor for the nonsurgical determ nat ipom/uskolongsEne
transpl ant condition such as status, acceptance, or rejection. The SQUI D

sensor is a highly sensitive instrunent that can detect nmagnetic fields
created byjeeiuienel stags fopsRsAiES Piedingtodpatenselenisd ogal a8eIND? $BFIBY enabl es

non- i ”Vash‘é@ne@ﬁ%%é@lé‘ﬁeﬁdﬁ%%&etﬁ%c ) gﬁéﬁ?ﬁﬁésﬁ\ﬁéct%ﬁ%ﬁhgpﬁﬁm-@1‘{'&“ tionally,

t he noni nvaSive ure _ ogy al'l'ows nore equent noni toring of
the pati egétectigiRedesitud MaiedpE¥ld oflthe nBY&iz&d ihosaticl@ th&ebsstolifihgard echnol ogy
to calibrate the |l evel of nedication if it appears that T cells have

i nfiltrat édagelobthe namppttizles belindrtgthe. trapedarodd orgaredfithe madinnjy Eyyarample thpeci fi c
areas of the organ. Biopsy only renoves a small sanple of tisspye fromthe
or gan and TACEETRSOISERH SRR G, D6 A Uhgb eI IR e s SBRPT R FEAR | on can
enabl et 1o RS bGlaaheddcRoleltBALA b o BRE 5t BledBRing Eoluichlsl e aPBYET C1 AN O
assess what degree of organ rejection, 1f any, I's occurring In the patient.
Thi s r eduessspebific tiBOd\f Pdr ekdpls itvembdnensyor P tMcempri &S famemeghatid es t he

moni toring of an organ transplant for the effects of chenotherapy. For
exanpl e, tterabpucheyirerooxidsskns exagde, dhfaantipedy-latetedpoignttinriapebasticleSod T cel | s
in a specific.organ transplant can c | ement and often replace the

exi sting ﬁ%?%aa%fabo(‘iiegﬂﬁt {Jﬂegﬂgﬁg}' E’Hfj tq?rﬂb‘?ﬁ”f'ori ng (biopsy). The technol ogy
enabl es accurateIFy assessi rcl)g t he i mune system response to the organ

t r anspl an{0008] RREFRESTHBTION OFBRAWINGS chronic rejection is taking place. The
| nvention.gan. gl S0uRE AUl % \0EHaBL hid Yol QTIPS SR8 3% Melifcafisy O T
cells. [06 eﬁ KB 35rr%gr?_$’t & Iff_s%r‘i or (d,én gé I ¢ g_es‘(pfinelJ Wth

anti body- |i|I@E’cﬁz’t@ﬂw‘e'ﬂa&@ﬁﬁh@nﬁ‘&%@?ﬁo?étﬁér@ﬁtﬁtﬂe dat@ion! descrPuithdRnabn. ¢l ust ers
of excess |ynphocytes in a transplanted organ. This system reduces the need
f or bi opsitesravidgsplile\sicdestsara@ieriedvaby ke nmebéred for nonitoring the

ef fectiveness of imune-suppressive drugs. This nethod easily identifies

t hese | ynﬁ'ﬁo%?@é’hﬂ@g'lagh of grcPRANCIHE Q1aBiysn laterfeeened D@’I‘CééQQLHQ ¥8f benefit
since the_hi i i e | C or
nfecti on oy e oenge Aetb ool s hiRadch of SRTPARLERCLAMER 0L
reduced i MEUDE aSHEHRIT IESROBS 6f LHCRID enkHiBySER FRNBRIUAGRNAI detbisnati@nyf Met hod
whi ch can significantly elimnate the need for invasive procedures can have
subst ant i afgan irpasptanbatceiencpathuerns.s wel | being. [0012] FIG 1 shows an
exenpl ary S%Jl D sensor with a }hqui d heliumreservqir dewar 11 at the top
of the pi Efuf 83 sTigalieugrtignapnt Baenelc narghaticies yseery pllrdier Addapt ed to
apply & URb{OFSEa ROt bIG Sl SEnliifh deckhaicel T aNspl ant ed organ of a
patient placed on a neasurenent stage, and a magnetic field detector,

adapt ed t picletsepho@Bidph BBQEsitdd&kidheppibnedm conenaid tvofsb@kcel phadbpaeidieby t he
applied pulsed field. As an exanple, the magnetic field pul ser can conprise
two ci r culFlr S&isRTengmissien Hegtgn #iclescaprolTEN) irige ot thenanean tigeowsed éora

magnet i zi ul sed. fi el t anoparticles. The uniformfield produced
by these S§P|r6§‘e%sgﬁ'”ﬁ§'”§' Hég‘h 'sﬁuhﬁceﬁ]%ﬁgégﬁfrﬂ?gi”§”°i’6rt'td§s'50 Gauss and the pul se
length is Fl@/ms%%lrz]ﬁ}ﬁ ogplgub'atig\pgjr\@?&-th%%tiﬁgﬁ%h&ctiﬁ tWBIRE! ﬁn%s.f' eld .
detector can conprise SQUI D 2nd-order axial gradioneters that are contained
i N a snoufiGl2isprgatphyhowing the sensgiRitpofshpimpethbd b @neitid3.in I kidhey taihsplaeven

gradi oneters contained within this exenplary snout; one in the center and
six in a epdesgainggpiedtions cm radi us. Each gradi ometer is inductively coupled
to a |l ow ratur ID. In this exanp|e wooden, franme orts the
SQUD and¥EnEk et Famait bF riieti S GEBr Sne? B ST AEEET o° The
non- magnetd|s a$4 R In of YREBAWHR RS h&Rsh Bocdt AGTBRAORNALropk&R8&agm of hat can,
for exanple, be constructed of plastic with no netal conponents. The upper
t wo bl ack Pkrgisblaoniinodf thidie sammesasiplege novenents over a +/-10 cm range and
the lower knob is used to raise and | ower the neasurenent stage over a 20
cm range. FIRSSHYAINEBRMA & E-staiipdhitqlegial seetiPns At ispsepie MoLERkinERdE- can contain
nanoparticle sanples, live cell sanples, or live mce. [0013] FIG 2 shows
an exenpl {099]SYODES> KIRGPRRYNBGAUTJEA INHENTEBUAN INDWGTRIAL ARPH&ABILINGNS pl ant
accept ance, exam nati ons. A woqoden or ot her non-conductive strucSure 23 can
be si mi | afNq RyetREINKGRYABFAN Y5k AnePessnndirting Qpantum interfgienceDawies GREIY st age can
be replaced by a bed 25 for patient placenent. Two |arger Helmholtz coils
24 conprise the wooden circular forns above and bel ow the bed. These | arger
coils can again be used to generate a3uniformpulse field and magneti ze
magneti ¢ nanoparticles that have been injected into the patient. The
currents can be increased fromthose used in the systemshowm in FIG 1 to
again produce fields in the range of 40 to 50 Gauss. Simlar to the system

o ~ o~ N o N B o o - . o



[0015] FIG 4 is a photograph of full sized kidney phantom containing two
sources of nanoparticles. Each source has 5.26x101 Si mag-1411 car boxyl
coat ed nawmoparttiigises conj ugated to the anti body CD3 andpatrtisesien247a6 | i ve
T-Cells (Jurkat cell line). There are 8.22 x106 cells, each has 3 x 104

nanoparticles (24 nmdianeter) attached covering 21% of the avail able
anti gen sfmegRetic peEPr thy BPRsureice sk minglioR effsean tensPipd consdienshshstscal | y

measur ed. gﬁgﬁﬁéﬂég{bﬁan% otr rEeclclblyeT\P%_%(%ﬂH%gns%%\%gglg sén@%vgm&mﬁ?@% at EaJnG 4 with

the spati al ons derived _ nsor array obtained fromthe
magnet i zabweex ridgnbiitEielt gReted by BIARORAF inbEle@8 ndWdpirfiles: Bhd mm@g@%@ﬁ 1 X (cm Y

(cm Z (cm Mnent (J-pT) Measured 1.4 0.3 -1.1 0.3 5.5
enables non-invasive determination of organ transplant acceptance. Additionally, the non-
invasive nature of the technology allows more frequent monitoring of the patient,
compared to biopsy. The physician can also use this technology to calibrate the level of

medication if it appears that T cells have infiltrated the transplanted organ.

[0010] T cells congregate in specific areas of the organ. Biopsy only removes a small sample
of tissue from the organ and does not sample the organ as a whole. The present invention
can enable the physician to image the entire organ. This allows a physician to assess what
degree of organ rejection, if any, is occurring in the patient. This reduces the need for
invasive biopsy procedures and enables the monitoring of an organ transplant for the
effects of chemotherapy. For example, the ability to assess and quantify the population of
CD8 T cells in a specific organ transplant can complement and often replace the existing
method of organ transplant monitoring (biopsy). The technology enables accurately
assessing the immune system response to the organ transplant to determine if acute or
chronic rejection is taking place. The invention can also provide the ability to monitor CD8 as

well as CD4 T cells.

[0011] A biomagnetic SQUID sensor can be used together with antibody-labeled-magnetic
nanoparticles to detect the buildup of clusters of excess lymphocytes in a transplanted
organ. This system reduces the need for biopsies and provides a non-invasive method for
monitoring the effectiveness of immune-suppressive drugs. This method easily identifies
these lymphocyte cells. Reduction of biopsies is of great patient benefit since the biopsies
are painful and there is reasonable chance for infection. Infection is of great concern since
patients often have a reduced immune system response due to the chemotherapy. Thus,
any method which can significantly eliminate the need for invasive procedures can have

substantial impact on the patient's well being.

[0012] FIG. 1 shows an exemplary SQUID sensor with a liquid helium reservoir dewar 11 at
the top of the picture. The sensor comprises a magnetic field pulser, adapted to apply a
uniform magnetizing pulse field to a transplanted organ of a patient placed on a

measurement stage, and a magnetic field detector, adapted to detect and image the



1.52 x 105 Imaged 1.3 0.1 -1.0 0.1 5.0 0.05 1.45 x 105 Source 2
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residual magnetic field produced by the applied pulsed field. As an example, the magnetic
field pulser can comprise two circular coils 14 forming a Helmholtz pair that can provide a
magnetizing pulsed field for the nanoparticles. The uniform field produced by these coils can
be varied but typically is 40 to 50 Gauss and the pulse length is typically 300 - 800 msec. As
an example, the magnetic field detector can comprise SQUID 2"-order axial gradiometers
that are contained in a snout 12 protruding through a support frame 13. There are seven
gradiometers contained within this exemplary snout; one in the center and six in a circle of
2.15 cm radius. Each gradiometer is inductively coupled to a low temperature SQUID. In this
example, a wooden frame supports the SQUID and the measurement platform as well as the
magnetizing coils. The non-magnetic support system comprises a 3-dimensional stage 15
that can, for example, be constructed of plastic with no metal components. The upper two
black knobs control the x-y stage movements over a +/-10 cm range and the lower knob is
used to raise and lower the measurement stage over a 20 cm range. A sample holder can be
inserted onto the stage that can contain nanoparticle samples, live cell samples, or live

mice.

[0013] FIG. 2 shows an exemplary SQUID sensor that can be used for human organ
transplant acceptance examinations. A wooden or other non-conductive structure 23 can be
similar to the support frame shown in FIG. 1. The measurement stage can be replaced by a
bed 25 for patient placement. Two larger Helmholtz coils 24 comprise the wooden circular
forms above and below the bed. These larger coils can again be used to generate a uniform
pulse field and magnetize magnetic nanoparticles that have been injected into the patient.
The currents can be increased from those used in the system shown in FIG. 1 to again
produce fields in the range of 40 to 50 Gauss. Similar to the system shown in FIG. 1, a SQUID
dewar 21 with an array of magnetic gradiometers can be used to measure the residual

magnetic field change produced by the magnetized nanoparticles.

[0014] FIG. 3 is a schematic illustration of a magnetic nanoparticle 30 that can be used for
calibration and in-vivo studies of human organ transplant acceptance. The center of the
magnetic nanoparticle 30 can comprise of a magnetic core 31. For example, the core 31 can
be iron-oxide of about 20 — 30 nanometers in diameter. This core 31 can be coated with a
biocompatible coating 32, such as Dextran, carboxyl, or amine, to which is attached specific

antibodies 33 to the transplanted organ. For example, the specific antibody can bind to a T-
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cell that is responsive to the organ transplant acceptance. The antibody can be specific to T-
cell receptors on the surface of the T cell. One such specific antibody is a CD antibody,
however other antibodies specific to organ transplant acceptance can be attached to the

biocompatible surface through conjugation methods.

[0015] FIG. 4 is a photograph of full sized kidney phantom containing two sources of
nanoparticles. Each source has 5.26x10"° Simag-1411 carboxyl coated nanoparticles
conjugated to the antibody CD3 and attached to live T-Cells (Jurkat cell line). There are 8.22
x10° cells, each has 3 x 10* nanoparticles (24 nm diameter) attached covering 21% of the

available antigen sites.

[0016] Table 1 shows the comparison between physically measured locations of the live T-
cells shown in the phantom of FIG. 4 with the spatial locations derived from the SQUID

sensor array obtained from the magnetization of the magnetic nanoparticles on the cells.

Source 1 X (cm) Y (cm) Z (cm) Moment (J-pT)

Measured 14+03 -1.1+£0.3 55103 1.52 x 10°

Imaged 1.3+0.1 -1.0+£0.1 5.0+£0.05 1.45x 10°

Source 2

Measured -27+0.3 -1.5+£0.3 55103 1.60 x 10°

Imaged -27+0.1 -2.2+0.1 5.0£0.05 1.60 x 10°
Table 1

[0017] FIG. 5A is a Transmission Electron Microscope (TEM) image of the nanoparticles used
for SQUID sensor imaging. FIG. 5B is a T-cell with attached nanoparticles. The nanoparticles
are fairly uniform and roughly spherical with diameter of 25 nm; the cell diameter is
approximately 10 microns in diameter with about ~100,000 nanoparticles attached to it

through CD2 antibodies.

[0018] FIG. 6 shows incubation curves for the CD3 antibody connecting to two T-cell lines.
The cell lines used were for two leukemia T-cells so that could be grown and their
capabilities for attaching labeled magnetic nanoparticles measured. Non-leukemic cell lines
should have similar characteristics as these. The curves show that the magnetic moments
differ somewhat for different cell lines as expected for these two particular leukemia cells,
with the Jurkat cells having a larger receptor number than the SupT1 cell line. These results

indicate that the cells take up the particles in less than an hour.



Table 1 [0017] FIG 5A is a Transm ssion Electron Mcroscope (TEM inmage of
t he nanoparticles used for SQUI D sensor inmaging. FIG 5B is a T-cell with
at t ached wenoparnsisel es. The nanoparticles are fairly unipCorusc@na2s7eaghl y
spherical with dianeter of 25 nm the cell dianmeter is approximtely 10

m crons in dianeter with about -100,000 nanoparticles attached to it
t hrough CEPI1ANF Hodpesan egeadltion tes regulisRbile Ticst BPatiments Msing & Jedet t he CD3

ant i body i : Ta i : Al : re for two
Mouken 3 SARERRY Bod ik R a8 el p APt B g Fccubl MEB KRG &
at t achi ngadsaied erbetaaIRe I shagtad eiaghahoheshoWR ASUE. atind Nodontmidi@rdrsofcel | 1 nes
shoul d have simlar characteristics as these. The curves show that the

magnet i ¢ neleninghaNifl§ ipsertedinsottetphiiomdicpfeserding agedliclubterseb T-agllsexpect ed f or
Fecept or  AHSGE TEtiCHney H1Be SRS TSR Tiehe B BEMrE G RaFBAE 8 t hat 1 ho.
ext r apol at T She PR i % eftel ok S0 Ao Herem AT bl i at Gel
resul ts) tepresemdiaSQOMSyitBmap&iathiey optirddlsphdridns Wit edsgedt fgsehjrasd i on. The

ki dney was assuned to be simlar in shape to the phantom shown in FIG 4
and to coheckeioued eletiomagesftic Tioise Thereaytsiindicatrethet bk averaserderid of htellsire
phantom representing actyal clusters of 1-cells attacking,the kidney. The
Cpper _cur VEGRY Bt S afahE o61ed s caiciebt Moy eoBtheisgd L F e on
of di stanegfipmdsie SR Bal okl ¢ cHRULR SPARRCreBXRhEbPEhEfh onthe | over
curve represents a SQUID systemoperating at optimal conditions wth
respect t ausieasalilioandmoecdetl. ound el ectronagnetic noi se. The results
indicate that at an average depth of T-cells in the kidney of approximtely
6 cm thedoestBE Kok EiRe ¢ AGA Glve 2RBMEN Jf WRNbY AP BERRErE&INg fretiflier eas it
is expected that a typical T-cell cluster in a rejected kidney may contain
one hundr égdmeadulingihe oragnasiceigo@ bt & funft@O20 Hil FEoGof Be séibviEhetbhecheesuflés of an

investigation of the specificity of this tar%eti r@ met hod by neasuring the
magneti c §ﬁ§b’%ﬁs thgsmagnetinignabePteireddianye figd ngmberef URaY redls (appdepkfelchart i n

FIG 8A s . ' i i f fi . U937
cells (an&gﬁlgﬁeéggaﬁéﬁuﬁgﬁdgﬂ%n_e tr%slnlgrg nu%g I ﬁhne %?%gp#g@?@’%uﬁ@h r eal
human bl o0ggdare Fh@sigh 6lUORBRAE OhaRRemé Ehnﬁl@sh&ﬁn%ﬂ\@ r&udssi GndMuabepbri ns of

t hese sane sanpl es showi ng the reduction of the nunber of nanoparticles per
cel | as t hanopaitiales par celbasithedibtiseid increaveal A ganetyodf titiatiormdridatheind ot her
experinments have al so been perfformed to determ ne the nmaxi num site binding
of Si Mag 6@?@%‘*8@%?‘{“@8 FF’héjer e@éﬂéwr@@eé@wmwé'&en?mw%sé\ﬂﬁock

Ar kansas) net oG s | | : ] he saturation

| evel s as wﬁ&&%@t#%'ﬂ@@%&%@éﬁo 8%’%“@%@%3%&%%@%%&% denonstrati on of
t he met hodapadicleessWdliad @ ddtéftif thatatlirati@tlevelnsWagncaad éfindchberdiof ek Ng an

ani mal nodel in which skin transplants were nmade to m ce of the sane

geneti c batkgrtound as the donor (a white nouse) and to different
backgrounds (a bl ack nouse). When these mice were injected with nagnetic
nanoparti ¢does] Adérhoratibtidnad tresnethsdeeftdetkrimigttaasplant &ljdcsion Wad castedaok or gans
of unrelated donors, the white mce showed no sign of T-cells in the

vi ci ni ty 8§ing aneanial mogdeldmwhighekinctsanselpets weegdradeite micglobedame Benelihs of t he
l-cells present; i.p., a sign of rejecti of .the tran nt. This was
ver i1 ed By abibtifstorpaf i R ine bd e Pan e B R AL Bl mouse

whi | e t he wWH.aRRRE Ak wRfe ihfé@te&"With%a?ﬁ’é@%arﬁdb%ﬁﬂe@@vﬁﬁ’aht%@ie& Bifecedgith: [0022] An
ani mal nodel involving skin transplantation was used. In this nodel, nornal
m ce have tle Tpaticthaiodfttaskongansefonreldtedrdonort ke @hitesraice stoajed nasign efgii-ails t hen
back or tail skin froma nouse of a different strain was applied to the
exposed aldhe viginituefdhg Eangplantwheress theriack micsishowgdallligpufdhabieella section of

skin fro neti Ly | t l.cal i . n i enic
graft). %%&gﬁp %ﬁg(é\%baﬁ{re#gﬁe dfﬁstrarrﬁgﬁ%ﬁi @Eﬁ%gsggrﬁ%ﬁg% lgb%f)(ﬁereg %)fra ﬁﬁhg gfﬁd of fered
t he advanbage t@hsphint SVhR Blagh MBGsk vdNatieRRhbfdht of thdite rSoicERERfH&) ection.
Fol | owi ng these procedures, a skin patch from another aninmal was taken and
appl i ed i mt¢the seame way and fol |l owed the sane nmethods as devel oped for
wound healing. After a fixed tinme, the nouse was injected with the
nanoparticles conjugated with anti bodi es as devel oped in specific aim3 for
T-cells. The nouse was then placed under the SQUI D system and magnetic
remanence fields were neasured. The mce were inmaged at several tinme points
during graft rejection, and foll ow ng7each SQUI D i magi ng session, a snal
section of skin at the donor/recipient junction can be renoved using a
punch biopsy to confirmT cell infiltration. [0023] FIGS. 9A and 9B show H
& E-stained histol ogical sections of isogenic nouse skin grafts (where: Ep,



WO 2011/ 116150PCT/ US2011/ 028746 CLAI M5 What is claimed is: 1) A
super conducting quantum i nterference device sensor system conprising: a) a
magnet i ¢ wol2sariiémdapt ed to apply a uni form nagneti zi ngPpmuseotfijoed7de t 0 a

transpl anted organ of a patient placed on a neasurenent stage;
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and b) a
q%netic field detector, adapted to detect and inage the residual

ol R EockBP GG £, 51 ovi ac

an i mage @foutd\ aniaredakidic WeSagpRatng thoexpbed hreagdllogerdprificaitdrannal ant ed
organ of the patient. 3) A nethod for nonsurgical determ nation of organ

t r anspl anthegnoigi hacbnsechamdskis frag:a sahetisalnidedition meusagpeliesasdgentiahg quant um

i nterference devi

to apply 4598AMF &R

patient,

ul ser,

gg\gntage of allowing direct examination of graft success/rejection. Following these
procedures, a skin patch from another animal was taken and applied in the same way and
followed the same methods as developed for wound healing. After a fixed time, the mouse
was injected with the nanoparticles conjugated with antibodies as developed in specific aim
3 for T-cells. The mouse was then placed under the SQUID system and magnetic remanence
fields were measured. The mice were imaged at several time points during graft rejection,
and following each SQUID imaging session, a small section of skin at the donor/recipient

junction can be removed using a punch biopsy to confirm T cell infiltration.

[0023] FIGS. 9A and 9B show H & E-stained histological sections of isogenic mouse skin
grafts (where: Ep, recipient’s endogenous epidermis; De, dermis; HF, hair follicle; SG,
sebaceous gland). In these examples, donor back skin was grafted onto the back of a
genetically identical recipient. After two weeks, the skin was harvested, and examined
microscopically. The junction between donor and recipient skin (arrows) is shown in both
panels (dotted lines separate recipient (R) skin from donor (D) skin). The donor skin appears

to be re-epithelializing in both panels (DEp), underneath the graft (Gr).

[0024] The present invention has been described as a system and method for the
nonsurgical determination of organ transplant acceptance. It will be understood that the
above description is merely illustrative of the applications of the principles of the present
invention, the scope of which is to be determined by the claims viewed in light of the
specification. Other variants and modifications of the invention will be apparent to those of

skill in the art.
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i) a remmant magnetic field detector, adapted to detect, neasure, inage,
or a conbination thereof, the residual magnetic field produced by the

appl i ed pubzed/fissbd; b) injecting a plurality of magnetrct/usanopas7ué cl es,
each |labeled with a targeting agent such as an anti body or peptide, into
the patient for specific binding to the transplanted organ; c) applying the
uni f or mLamgmet i zi ng pul se field to magneti ze the nanoparticles injected
into the patient; and d) detecting the residual nmagnetic field of the
magnet ivﬁ%{ijis ?5{?889{51: i cles thereby providing an i mage of the nanoparticles
bound to the transplanted organ of the patient. 4) The method of claim 3,
wherein the nagnetic pul ser conprises a pair of Helnmholtz coils. 5) The

net hod 1bfA supgreanductipgsiuentynt interiesensa devipRsfnee YsteMe FOMIYRESt or conpri ses an
array of gradi oneter od of claim3, . whe[%ei n the regﬂant

S 6%1 The net t] ,
magnet i ¢ §i 8MPEARYRUISSY. 3dgRisHite arPlya uniori Mgsnaiking Pulsa{ieldsp gdwanghianted
el ect romagnﬁgaﬁ]ogg%\%ﬁesn?gﬁkgéah@gheay@eﬁ%get%g’l@%%)PCT/ US2011/ 028746 7) The

nmet hod of c e ranspl an organ conprises a ki dney.
b) aremnant magnetic field detector, adapted to detect and image the residual magnetic

field produced by a plurality of antibody-labeled magnetic nanoparticles injected into the

patient for specific binding to T cells.

2) The system of claim 1, wherein the remnant magnetic field detector provides an image of the

nanoparticles bound to the T cells on the transplanted organ of the patient.

3) A method for nonsurgical determination of organ transplant condition, comprising:
a) providing a superconducting quantum interference device sensor system comprising:
i) amagnetic pulser, adapted to apply a uniform magnetizing pulse field to a
transplanted organ of a patient, and
ii) aremnant magnetic field detector, adapted to detect, measure, image, or a
combination thereof, the residual magnetic field produced by the applied pulsed field;
b) injecting a plurality of magnetic nanoparticles, each labeled with a targeting agent such as
an antibody or peptide, into the patient for specific binding to the transplanted organ;
c) applying the uniform magnetizing pulse field to magnetize the nanoparticles injected into
the patient; and
d) detecting the residual magnetic field of the magnetized nanoparticles thereby providing

an image of the nanoparticles bound to the transplanted organ of the patient.
4) The method of claim 3, wherein the magnetic pulser comprises a pair of Helmholtz coils.

5) The method of claim 3, wherein the remnant magnetic field detector comprises an array of

gradiometers.

6) The method of claim 3, wherein the remnant magnetic field detector comprises an imaging

means that solves an electromagnetic inverse problem.



8) The method of claim 3, wherein the nagnetic nanoparticles are | abel ed
with an anti body that specifically binds to T-cells present in or near the
transpl anwedoorigerso 9) The met hod of claim 3, wherein tReTNSgMRET46
nanoparticle conprises a magnetic core coated with a bi oconpati bl e coating
to which is attached at | east one specific antibody. 10) The nmethod of claim
9, Wwher7gi ThetrhehsBenedines, abieteis tiEard s plan@dfoeganasergprieds Lkigmdyer i al . 11) The

nmet hod of claim 10 wherein the ferromagnetic naterial conprises iron

oxi de. 2 f

nanorret r?sh-gpﬁe a'% %%% %&ﬂ Earﬁqrb%rtw%%?%égg%vﬁ i ahﬁ%@d | bI e
coating Cs‘b@HFu&a‘-’fl%m@@’é&T%@ls p?@sreHPPﬁBGrneé’Jth@WaH@plar&éd diggn et hod of cl a' m 9
wherein the at [east one specific antibody conprises a T cell specific

anti bod 15 t hod, of claim 14, wherein t T cell specific antibody
conpri dbsT ’%ﬁn%? %%JH&?’ W e mmwe%nmﬁam@tC@”aorté%p%meswdl&&f)rer@a ant um

| nterferepge, B%‘é&r%ﬁat%‘?é‘? g ¥ Whilth is a?%@ﬁédsétqgast 8‘?1e& %Eght“&baﬁp“ si ng:

supercondﬁctl evice sensor i) a
magneti c Iser adapted to apply a uniform magnetizing pulse field to a
phant o) ﬁ@rmethgd abclaimé axbereimihermagiktie pere Souyrisesidd P samagifiic maderial.
nanoparticles, placed on a nmeasurement stage, wherein the antibody-|abel ed

nmagnet i1¢) TRRNAEALE bE AR B, hBRiHGhetfOrrdmaRReic Haterial EShprides tBn oRlE 11) a
remmant nagnetic field detector, adapted to detect and inmage a residual

ragnet |1§ 'FHeenluadchgé Pclfalm l\)/\X]etrerl]r(]athae nqzlagln% [0 E)ore |seless than 90 nanometers in diameter.

13) The method of claim 9, wherein the biocompatible coating comprises Dextran, carboxyl, or

amine,

14) The method of claim 9, wherein the at least one specific antibody comprises a T cell specific

antibody.
15) The method of claim 14, wherein the T cell specific antibody comprises a CD antibody.

16) A method to calibrate a superconducting quantum interference device sensor system,
comprising:
a) providing a superconducting quantum interference device sensor system comprising:

i) amagnetic pulser, adapted to apply a uniform magnetizing pulse field to a phantom,
comprising a known amount of antibody-labeled magnetic nanoparticles, placed on a
measurement stage, wherein the antibody-labeled magnetic nanoparticles are bound
to a specific T cell line, and

ii) aremnant magnetic field detector, adapted to detect and image a residual magnetic
field produced by the applied pulsed field;

b) applying the uniform magnetizing pulse field to magnetize the nanoparticles in the
phantom placed on the measurement stage; and
c) detecting the residual magnetic field of the magnetized nanoparticles thereby providing a

sensitivity calibration for a organic transplant model.

10



b) applying the uniformmagnetizing pulse field to nagnetize the
nanoparticles in the phantom pl aced on the neasurenent stage; and c)

det ecti ngwohelwmasisdual magnetic field of the rmagneti zedPoanspaniesrhes

t hereby providing a sensitivity calibration for a organic transplant nodel.
17)A nethod as in claim 16, wherein the antibody-I|abel ed nagnetic

nanopany) & hetteeiaglin Sigis B, Whgrerh te ah@bedy-lhbéled ATABNGtRGRINBPrEt|e 0OMPRAGEiaC
material. 18)A nethod as in claim17, wherein the ferronagnetic nmateri al
conpr i sesmagretic oxiedbat chBpAsesst flaocdmagnétit nedtafish 16, wherein t he

ant i body- | abel ed magneti c nanoparticle conprises a magnetic core that is

| ess tg@ﬁl ﬁ%te ega?rﬂﬁ?élé‘mlf,Wh@ié?rﬁ‘ﬁk%rrf)ég%r%ti@%ﬁ%l%érg})ﬁse@hr%h@(i%l@: wher ei n

ant i body- magneti ¢ nanopartic onprises a bl oconpati bl e coating
conpri si Dextran, carboxyl, or am ne. A nmethod as in claim16, wherein
the T o84 méghadiasiticlain 1%82&9r%m?ranélgedﬁ%@be%@gﬁ%wanopart'c'e comprises a

magnetic core that is less than 30 nanometers in diameter.

20) A method as in claim 16, wherein antibody-labeled magnetic nanoparticle comprises a

biocompatible coating comprising Dextran, carboxyl, or amine.

21) A method as in claim 16, wherein the T cell specific antibody comprises a CD antibody.
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