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Introduction

Detection of tumon at carly stages i ertacal for effective tumor
treatment and for studying tumorigenesis[1,2,3]. Traditionally,
mmor growth was avessed by wsing mechanical or dectronic
calipers to take physical measirements of sshowtancons human
tumors growing in immunocompromsed mice[4]. This method &
suitahle, however, only for palpable tumors growing under the skin
of the animals. Deeper tumor masses. sich as osteosarcomas
encapsulated by the boae, are not amenable w diect physical
memurements. Even in subcutancous models, tumor burdens may
not be accurately quantified using physcal measurements because
edema and necrotic centers will contribute 1o the increase m
tmor size[5], Onhotopic solid mmor models circumvent these
obstacles and allow fairy accurate amesanent of tumor burdens by
weighing the excised, “cleaned” tumons after the animals are
sacrificed.  Classical  onthotopic  models are  mmpractical for
evaluation of compounds’ efficacy since they require large
numbers of animals to be sacrificed at each time point. Similarly,
wentification of tumors and quantification of temos barden in
maodels of metastass demand exhawstive and tedious histological
analyses[6,7,8].

Non-invasive whole body hmlumuwrm\- maging (BLI) aBows

P d i of wmor growth in
experimental animals, regardless of tamor locations, In contrast

n e

'_'@:'. PLOS ONE | www plosone.org
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o Buorescence, BLT exhibits minimal background signals from the
anamal tissues[9]. Therefore, BLE can detect relatively weak signals
with high signal to background ratio. Due to its versatility, BLI has
been adopted to study  preclinical efficacy of drug  candi-
dares{10,11,02,19] as well as variows aspeets of mammalian
biology via reporter assays[14,15].

Recently, firclly (Photioss pyrafis) luciferase was re-engineered to
further optimize its expression in mammalian cells. Compared o
previous generations of luciferase, the new verson (lae?) delivers
more than a four-fold mcrease in hght emisson which was
achseved by codom optimmation and removal of potential
ransexiption factor binding sites[16]. We postulated that individ-
wal cancer cells vould be detected in wim by hamessing the
mercased bioluminescence of w2, To that end, we engineered a
lentiviral vector where fac? expresion is driven via the human
ubiquitin € promoter[17]. The construct was then stably
transfected into the 4T1 mouse mammary tamor cell line{18,19]
Several stable, single-cell chones AT 1-2) were subsequently
olated with light emission in the range of 10,000 photons/sec/
cell. Here, we report that, at least in some cases, detection of a
sangle cancer cell i mio sing one of these hue-2 labeled dones was
achieved, We abvo show development of tumors from only few cells
mplanted mto au/es mice and detection of metastases m
syageneic Balb/c mice. To our best knowledge, this is the first
report of detection of a single bioluminexent cell in wio using

February 2010 | Volume 5 | lssue 2 | 9364



non-invasive magmg method. Such braght cells can be t&'mwl\
wsed 10 monitor efficacy of drug candid. n modeds of met.

and onhotopic mor models, 10 rack metastatic migration of
cancer cells, and can be abo wtilieed 10 accurately ascertain
whether any residual discase remams following the

Single Cell Detectson in Vivo

These results mdicate that the initial decrease of luciferase activity
was not doe 10 the Joss of luciferase expression in some cells of the
clone (Figure 821

Non-invasive Detection of Small Numbers of Cells in

Results

Generation of a Lentiviral Vector System and Stable
4T1-luc2 Cell Lines

A Jentiviral veetor containing the fircily fac2 gene conjugated to
a buman ubiquitin C promotes was constructed to generate stable
hioluminescent cancer cell Jines[16,17,18]. Mouse mammary
tmor AT1 eells weee thea wansfected with the kentiviral veetor
and stable clones were selected using puromycin (4T 1-luc2). Eight
clones were chosen for further amalyses and theirr lcferase
actwvities were maoniored for four weeks without selection marker.
Although there were variations among the dones, the majority of
them clones cmatted more than 3000 photons/sec /eedl of light.
Considering that most ccll lmes labeled with previous generations
of luciferase emit less than 250 photons/sec/cell, our luc2 clones
exhibited consderably higher level of light emission|20]. Surpeis-
mgly, one done (C26) inisially emisted as mich av 52,000
photons/soc/cell but ity bght emision  decreased 10 6,400
photons/sec/cell after four weeks Figure SIA). To confinn that
no alteration of cellular physiol d during the labeling/
cloning proces, we compared the clones 1o the original parental
AT cells on several different levels, Fast, we examined growth
patterns. From the eight nitially selected clones, we chose two
Hines (C27 and C38) and compared their gronth patterns to the
parental §T1 cells, Both Bnes had similar doubling tines 1o the
parental colls (12,6 bour doubling time for both clones, versas 12,0
houry for the ongmal 411 cells).

We also examined other crtwal parameters of cellular
physsology, ncluding eflects of ATP consumption. Since luciferase
uses one molecule of ATP w0 produce cack photon of Fight, high
h\-l; of Bght emision coudd be detrimental 10 e oell’s

lism duc to the son of the its ATP pool. To test
whether the high light production affects cell physology, we
observed cell growth for four days in the of high

nu/nu Mice

Becawse $T10w? cells showed extremely high Eght emisdon,
we next atempled 1o detecr amall numbers of these cells oo
Instially, the 4T1-4uc2-1A4 cells were prepared wing a serial
dmmimdmdumuuphmtdmbothﬂmbnhk&mnk
nu/nu mice Figure 2), Different numbers of cells were implanied
at cach dmpl ion wtes, Six impl. it were perfe d
cach number of rtlh 3,5, 10, and 50 cells). Biolminescence
tely after the mnplantations. Using a
camera, we were able (o detect as few
igure 2A-D, red dotted circles). In
not detect any meaningful signaks

i QRACOl ranslections by pGLY) and mmp-ml
it with 4T 1-loc X rtlt by mplanting both mto SCID-bg mxe
(Figure 83 The results idlustrate that the bioluminescent sigmals
from 107 4T Lhuc2-1A4 cells in furry mice was easily detectable,
while no signal was detected from the same aumber of PCIM-Jisc-
Ch cells.

Six hours after the implantations, we re-imaged the same set of
animal (Fig 2E-HL As expected, based on the hosile post-
Inplantation  environmens, 4 sises of the 10~ and 50 cell
Enplantation  sites bost thesr  ininal  bioluminescent  sagnals
(Fig 2G.H). Surprisingly, bowever, we were able 1o detect signals
from 5 and 5 cell mmplantation sites (Figure 2E,F). Our analyses of
the images taken smmedinely afier the implantation (1=0)
mddicate that 1otal flux from the implantation sites was disectly

proportional to the number of cells mplanted (Fig 21, This is
ronamzm with the other data (not shown) demonstrating linear

concentrations of the lucilerase substrare, D-luciferin (150 and
300 pg/ml/dayl. The resules demonstrated that, in the presence of
D-buciferin, AT1-huc2 clones showed similar growth patterns o
those of cells cultured without Deluciferin and 10 the parental 4T)
cells Figure SIBCD) This suggests that 4T1dwe? cells can
endure consumption of the ATP required for the high lght
emission without a significant effect on the cell's ATP pool.
Since clone C26 showed decreasing luciferase activity over time,
we anempied the second round of limited dilution single cell
cloning from the angina mixed population, Four bright clones
were selected and their lociferase activities Jight emasion) were
monstored for six weeks without selectson pressure (Figure 1A BL
All clones initially produced more than 40,000 photons/sec/cell;
then the Bght emision declined 10 10,000 photons/sec/cell, and
stublized at that level. It remained stable for four weeks in the
absence of puromycin (Figure 1B). From these clones, the 1A4
clone (AT L-huc2-1A4) was selected for further studics. The growth
pattern of the 4T1duc2-1A1 was comparable to that of the
parental AT1 cell in the presence, o alnence of D-luederin
(Figure 1C.DEL To address the cause of the mnitial decrease of
hght emission i #T1-luc2-1A4 clone, we performed limited
dilution culture in %well plates. When cells grew 1o nbmu 25%

ip between the light emision and the sumber of cells

pl-urd uu Mﬂ- Based on thewe rrwlh we demonsrated llm
i a plausible method 10

non-invasive monitoring of the urb tumor growth i aire.

P!

DemlondaSmgleB&olnnmascuanl-h:ZCelh Vivo
ion of three cells aw vire, we
a vingle AT 1-hc2-1A4 cell after
b To elmi the experimental crror
nndloaddumr.\r\ to the determination of the number of
amplanted cells, we used a micropipetior to implant a sangle 4T1-
Tuc-2-1A4 cell. First, the 4T 1-hae2-1A4 celly were rypuintecd amd
platrd o A rtll © ullwr th-h \rxl. individual cells were picked up

pipettor into sub slots made
mthrlhnlngmmnfmxr Mice were divided into two groups
four mice were implanted with single cells, and four other mice
were implanted wuh () ﬂ'“\ cach (Figure ?d( D) Ansmals were
then subjected 1o biol imagmg i ducly after the
implantation. In yome cases, we were able to detect a nnglr 4T
Iae2-1A4 cell (Figure SA-C and Figure SIAB). On cach of the
three mdependent, sequential images of the same sngle cell we
registered a total lux ranging from #4640 to 528 photons/sex. Line
profiling analyses of the registered flux from a single cell revealed a

rlmlmgrrl wndw\ ‘o deter

flucncy, we ined luciferase exp by
smaging. Fvery well containing cells shawed )

signal 10 back 1 ratio of 6 10 1, with the signal clearly

*d PLOS ONE | www.plosone.crg
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from the impl siee (Figure DK Therelore,
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exposure time: 1 sec). A typical bioluminescence image for testing st

Single Cell Detection in Vivo

B Wt |
ek 2
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studies. (B) Stability of loferase activity of four 4T1-luc2

using Living Image software 3.0, Clone 4T1-uc2-1A4 was selected and

:hus(-l:mngtomhv&mkshmd-mdhmhwlmmyth-\dlh« Ight emission was monitored weeily, All clones showed maore
than 7,000 photons/sec/cell of light emission throughout the test period. (C) Growth curves of the 4T1-luc2-1A4 done and parental 4T1 cells. Celis
were grown for 4 days in regular growth medium without puromycin. Total numbers of cefls over time were plotted in a scale. Both cell
lines showed similar growth patterrs and doubling times. (D.£) Growth of the 4T1Juc2-1A4 done and parental 4T1 cells in the presence of D-lucfern.
Cells weee fed with D-lucifedin once a day (150 pg/mivday, D) or twice a day (300 ug/mi/day, E), respectively, harvested at each time point and

counted, Presence of the excess of D-luciferin did not affect the overall grawth

doc10.1371/Journal pone.0009364.6001

we concluded that the bioluminescent signal indeed originated
from a single 4T1duc2-1A0 cell. The lack of signal from the other
three sites in each group could be anributed 1o rapid cell death

! from Small Populati

Tumor Dy P P of 4T1-luc2
Cells

After detecting a single cell i 1o, the mice inplanted with 150
cells were moaitored for extended perind of time to detect passible
wemor growth. We hypothesized that mplantation of Layger
numbers of cells would crcumvent the problems that hostile post-
mplantation environments present 10 smaller numbers of cells.
Given that routine tumor implantation procedures utifze 0.5 to 10
millions of cells i subcutaneous umor modeds, we did nos expect

tmors 1o avise from wich unall mumbers of celle To our surprise,

two mice that were smplanted with 5 and 10 cells developed solid
tumors. We continsed 10 image these mice, and once the tamors
became palpable, we abio physically measured their dimensions
using standard calipers. The tumors ariding from S-cell and 10.cell
mplantations could not he detected with calipers before day 27
and day 29, respectively (Figure 3G1). However, noo-invasive

@. PLOS ONE | www plosone.org
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patterns of the 471-hu2 cells.

visible light imaging, allowed us to detect and quantify mmor
hurdens continuously from the time of smplantation (Figure SF,H)
These data ceardy show that tumor growth can be monitored
wing non-invasive bichiminescence imaging ay soon as cclls are
mmplanted m an animal, even when as few as five cells are
mnplanted,

Metastases of 4T1-luc2-1A4 Cells in Syngeneic Balb/c
Mice from the Orthotopic Implantation into the
Mammary Fat Pad

To west metastatic propertices of the 4TI 2-1A4 cclly, we
arthotopically smplanted these cells into mammary Lt pads of
female na/nu mice 5% 107 cells per mouse, n = 9). The primary
tumors grew rapidly and developed metastatic lesions thar could
be detected using bioluminescenee imaging by day 27 (Fagure 4
To conlirm metastasis of tumor cells into fungs, we isalated g

tisues on day 27 post-anplantation and took e sie images
{Figure B). In addition, we performed histological analyses on
formulin-preserved, paraffin sectioned tisses. The resalis showed
that pleura and subplenral regions of the hings were infiltrared
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Tots A [FCyReC)
pasgBEEREE

= »
Narvbat of rphrted el

Figure 2. Detection of small numbers of 4T1-luc2-1A4 cells in
flank regions of female nu/nu mice(1]. Esch mouse received two implan!
into mice ly after the k and b

P he wites that had

images
exposure tme; 5 min). (E-H) After & hours of implantation, all mice were re-
" "

settings of VIS Spectrum (v = 6h), Red circles
'wllow clecles indicate the implantation sites that did

not generate any meaningful signals possibly due to immediate cell death. () Correlation between the number of implanted cells and the total flux
from the implantation sites. Bioluminescent signals were quantitated using Living image software 3.0 and plotted against the numbers of celis. The

d imensity of © was directly
dok 10.1371/joumal pone, 0009364 6002

I 10 the number of implanted cells, Asterisks (“} indicate tissue autoluminescence

with sheets of poorly differentiated neoplastic cells de g that

Di 1

hiohuninescent imaging can offectively detect micrometastases in a
st (Figare 4C. 10 However, it is difficult to spoculate exactly how
many cells resided in the metastasized wmor masses based on the
Bglt emission registered v 200 ance the emitted Bght s atenuased

and scattered depending on path it takes through the tises, and the

exact Jocation of these 1  has ot been elueoxdased

Next, we confirmed the detectian of metastases by bilumines-
cence via physical dissection. We created a second group of Balb/«
mice, mto whose mammary fat pads we implanted 50x10' 4T1-
he2-1A4 cells

splantatic

= 16}, Primary tumors were then resected at post-

y 10 0 stop the growth of the wimoes i the fat

pads, and |
resection (PR} time points (PR-day 5, 8, 12, 15, 1
showed that wum

minescent images were taken at various past-
3 22). Our data

on metastasized into the secondary sites in the

hody and continued to graw theee (Figure SA), Tumor growth wis
monstored Jongitudinally by quantitating sohuninescence signals
from the whole body (Figure 3B. The resuls demonstrated
continuous increase of the fight emission before and afier resection
of the primary wmors, confirming thar monitoring biolumines-

cence signals is an wdeal way to track temor metastases.

PLoS ONE | www plosone.org
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Nenogralting  of Juciferase-labeled  cancer celb w widely
accepted i model of metastass and m orthotopic modeds. As
discussed above, bicluminescent muaging of luciferase-labeled
cancer cells has the added advantage over traditional methods of

invasve detection i

assessing tumor burden in that it allows no

of tumory i live animals s means

swaeraing drug
iy ¢

uantita

effxacy[21,22,23], Despite the fact that tisues non tribute

bittle background in binlummescence smaging, morcasmg the light
emission from the cclls of interest s abways desrable since it
mproves the senstivity of detecting wmor cells. Increased
senndtrvity allows smaller numbers of taor cells peesent in early
sages of tumar progression 1o be detected, This coneeivably has

sygnilicant ol rebevance gven that carly detection, when

cambmed with Iy treatment, has been correlated with better

prognoscs. The tool described here allow one to compare the
effectivencss of a given pharmacological intervention on early

stage prisnary wmaors, late stage prissary tsmors, and metastases.

Herein we rey st of & bght #T1-loc2 cell line

1t developmy

wsing enhanced el aned lentiviral technology . In our
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Figure 3. Detection of a single 4T1-luc2-1A4 cell #
implanted into the back of a nu/nu mouse. DAucerin was Mo
IS Spectrum (FOV; C, binning; small, f stop; 1, exposure time Sy

respectively.
(*) indicates the

Single Cell Detection In Vivo

ugmlolanng-ﬂlhxz 1A4 cell in vivo. A single cell was
Images were taken using an

wmhkahhmmxhwnnpu:dswm{m
Q). The dotted circle represents the single cell signal. The asterisk

signal from the gut. (D,E) Line profiling anllym of single cell signal. Light emission was plotted along the line shown on

panel (D). Peak signal in the paml (E) rqwmms lh' light emission from a single 4T1.huc2-1A4 cell (F) Tumor development from five 4T1-Juc2-1A4

cells. Cells were

into the dorsal flank regson of a nunu mouse. Bioluminescent images were first

bduvemebludemnp«tm(hemnuln) The animal was then imaged on day 0 through day 42. (G) Monitoring of tumor growth from $

cells of 4T)-luc2-1A4. B ls were

died using Lm‘qlmmaokwnmdpbuedwnmmm volume measurements

by a caliper. Tumor was not palpable till day 27 po:

signals were detected from the day 0. Note that total flux

was plotted in a logarithmic scale. (M) Tumor development from mul:ol‘" luc2-1A4. Cells were (using a

into the back of a nwinu mouse. The background signal is shown in pre-D-lucferin injection
for 40 days using an VIS Spectrum and a caliper. (I} Monitoring of tumor growth from 10 cells of 4T1-luc2-1A4. Tumor volumes were measured using
@ caliper .\d plotted against bioluminescent signals which were quantified usi

. On the contrary, bioluminescent signals were distingt from the day 0 of implantation.

dot10.1371/journal pone 0009364 9003

attempts 1o detect small numbers of cells, we intzally used a serial
dilution method and could detect down to 3 cells m iwe.
Encouraged by these resalis, we challenged ourselves o detect a

image (Pre-luciferin). The tumor growth was monitored
using Living Image software. Tumor was not palpable till day 29 after

applicd 1o primary cell and stemn el detection s, iocluding
cancer stem cells| 7] The lentivinus technology can conceiv-
.al:l\ |-vmr useful for labeling stem cells since it can significantly

single 4T o2 1A4 cell after subcutancows imy via
microinjection, Becawse the signal from a cell was located m
proximity to the gut, which exhibits an intrinsic, albeit variable
auto-bioluminescence, our images of single cells contain both,
signals from the cell, as well an background from the gut
(Figure 3B). However, as shown on the mmages of 5 and 10-
cells, when the numbers of cells increased, the signals from the cells
quickly surpassed the background signals from the gut, During the
course of preparation of this manuseript, Rabinovich #f ol diowed
the detection of three engineered murine T lymphocytes o sow in o
subcutancous transplantaton[24]. Whale application of the elegant
system described by Rabinovich o ol was developed 1o achieve
efficient transduction for a specific cell subtype, we have
engineered a simple, universal vector 1o transdice varous types
of proliferating and non-proliferating cell. Moreover, to the best
of our knowledge, our report is the first one that shows dewection of
a single bioduminescent cancer cell in rim

Because high level of luciferase expression mcreases the sensitivy
of cell detection i five animals, this technology can be direaly

@) PLoS ONE | www.plosone.org
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diing and culturing of these colls. Our results showed
that as few as 5 and 10 cells can grow and form tumors in the
animals. These tumon can be 1 using |
mmaging from the day of implantation. Previoundy, 4T1 cells were
tramformed with luciferase and their tumor metastases were
visuahized wsing opucal imaging]28]. While this study demonstrated
non-invasive monitoring of temor metastases, the present study

swence

enables carlicr detection of tmor metastases, and allows following
the tumor formation process aght from the cell implantation Day 0
va. 6 weeks) Furthermore, our results suggest that labeling amd
tracking cancers growing from a single cancer stem cell i feasible. In
wddinion, this technology could alio be applied more generally w
follow the fate of a smgle stem ccll implanted mto an animal.

Furnthermore, the process of diug screening for either small
molocides or biologks which target cancer stem cells can be
sagnificanly expedited sance  biol, ence  allows  following

growth of tumons in sl weeks before they hecame palpable
Brightly lummescenmt cells abo provide a better means ol
detection of micrometastases in an animal, thus making models of
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Day 11

Day 14 Day19 Day21

; i
"
"
”

o

Day 27

a i d i and histol I analysis. (A) Female nuw/nu mie were noculsted with 5x10° 4T}
hac2-1A4 cells orthotopically into the ab y fat pads(1]. Bioh images were taken longitudinally. Al post-implantation day
27, micrometastases woee detected in lungs (arrows) (B) The lungs were Isolated at post-implantation day 27 and ex vivo Image was taken, {CD) Lung
thssues were fed In formalin and embedded in paraffin. HAE staining was performed and analyzed. Panel D represents the dotted area in panel C.

doe10.1371/joumal pone.0009364.6004

mice, we were abile o desect maltiple micrometastases
sites. Wheen primary tumons were surgically removed
afier the implantation, we could follow the growt

valsable m studying tumor microenvironments, particularly when
combined with other non-invasive {luorescence-based readouts
To date, we have labeled more than a dozen human and

muine tnor cell Boes using the deseribed Jentivisal system (data

oot shown). ARl Labeded coll lines showed dgnificantdy higher
hicderase expression compared w0 the cell Bines Labeled with
previous generation of luciferase and convenuonal transdection
methods (data not shownl Asother advantage of these newly
engineered cell lines is that no anibiotic selection is required
maintain vable hicdorase expression. In contrast to the populas
viral promoters wich as SV40 or CMV, human ubiquitin €
promoter & more resstant to gene sdencing in mammalian
cells[29]. We have used our technology 10 successfully label
cell liney, and we believe that it

adhierent, x5 well as anpensic
comstitutes & unnversal ool for efficient introduction of luciferase
mto almost any cell. Smee lentivieal vectoes can introduce genes of
imterest into dividing as well as non-dividing cells. our technology
can be easily applied to label not enly stem cells, bat practically
any cells derived from patients, which then ¢an be ued for
rescarch, or for deagnostc purposes

. PLOS ONE | www plosone.org
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of Lentivirus Vector

uciferase 2 {fc2; cDNA was from pGLA-20 vector
[16]. Luciferase 2 cDNA was excised with Hind 111
ligated it pUB6-V3-Hish vectar (lnvitrogen, CA

ifal vector that casries buman ubiquitin C promoter and hac2
INA was generated by imsertdng Bl 11 & EcoR 1 fragment from
above comtract wmto Bl 1 & EcoR 1ol the modified pLRO.)
vectar (Sigma-Aldrich, MO)[18,19]

Cell Culture

Mowse mammary gland mmor cell line §T1 was obtained from
the ATCC (Manassas, VAL Cells were grown in high gihucose RPMI
1640 medivm (ATCC), PC-3M-lue-C6 cells were grown in minimal
exsential medium (ATCC) (For supplemental datad{30), AR media
was swupplemented with 10% fetal bovine serum (Hyclone, UT)
without antbsotics. Growth cunves were generated by seeding
000 cells in T25 fisks. At cach time point, cells were wypsinized

aniel counted using an ansmatic cell connter (Nexeedom, MAL Towl
numbers of cells were plotted in a logarsthmic scale,

Transfection and Stable Cell Line Generation

The lentiviral vector was transfected using a lipid based method
inta 4T cells. Transfected cells were selected using puromycin
(2 pg/ml). Isolated clones were screened for their luciferase
activities using an IVIS Speetrum (Caliper Lile Scaenees, MA
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Single Cell Detection n Vivo

PRday 12 PRaay 15 Phday 19 Plasy 22

1* tumor resection

TO0E1T | Eskone tumer resection

——Cie

Figure 5. 4T1.luc2-1A4 tumor metastases in s, .
L into fat pads of the mi
maoed 8

7, 8). Primary tumors were resected at Plday 10 a
representative mice (C1M2 and C4M4) are shown. The appa
the color bas scale (vee panel B). Primary tumor resection thr
of bioluminescence signals vs. time for mice C1M2 and C
lines) were quantitated and plotted in a logarithmic scale. Qua
are shown,

dox10.1371Joumal pone. 0009364 5005

To isolate single cell clones, cells were subjected to limited dilution
Individual clones weve screened for Juciferase activity us
IVIS® Spectrum,  Selected  clones without
puromycmn for § weeks and their light emission was monitored
every week.

g An

were  maintained

Mice and Tumor Cell Implantation

All procedures for animal care and tumor cell mplantation
followed the approved animal protocols and guidelines of the
Institutional Animal Care and Use Committer st Caliper Life
Sciences and Momenta Pharmaceuticals. Prior w mmplantation. all
tumor cells tested negative for the presence of mycoplasma and
Educ2- A
cells into mammary far pads of av/aw or Balb/c mice was

mouse pathogens. The arthotopic implantation of §

. PLoS ONE | www plosone.org
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>

100E+11

100E+10|
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L] %

Post-resection day

4T1-luc2-1A4 tumors in Balb/c mice. $.0 x 10" cells were
taken at theee time points post-implantation (Pl-days: 4,
-resection time points (PR-days: 5, 8, 12, 15, 19, 22). Two
shcence signals at PR-day 12 was due to the adjustment of
ine separating the pre-and pot-resection mages, (B) Plots
¢ signals of mice C1M2 (blue lines) and CAM4 (orange

performed while animals were under Bollurane anesthesia|1]
Subcutancous mnplantasions were done by injecting cells under the
skin i the doral fank regions, Singhe, and 1en cell fmplantation
was performed using a customized glass capillary pipette with

Afier the impl pipettes were examined
pscope o muke wre that all cells were implanted

manual aspi
wnsder the
Four implantations were done for cach, one and ten cell
smplantations. For the data shown on Figure 2, six implantations
were performed, three mice per each of the two groups.

In Vitro and In Vivo Bioluminescence Imaging

For iu sitre luciferase assay, cells were plated on black walled
28well plates at an initial concentration of 50,000 cellv/well
Cells were grown overnight with regular growth medinm. Afier 24

Fobruary 2010 | Volume 5 | lssue 2 | 09364



hours, the regular medium was replaced with the D-huciferin
containing medinm (150 pg/ml). Bioluminescence images were
taken immediately after adding the substrate o the cells using an
IVIS Spectrum, Light outputs were quantified wsing Living Image
3.0 (Caliper Life Sciences, Alameda, CAL Prior to the i v
imaging, the mice were anesthetized with isoflurane. Delueferin
volution was then mjected intraperitoneally (150 mg/kgt The
mice were mmaged using an VIS Spectrum. Baoluminescent
signals were quantificd wing Living Image 3.0 (Caliper Life
Sciences, Alameda, CA)L

Histological Analyses

Femule nu/mu mice were mmul.nrd with 3x10° AT 1dw2-1A4
cells orth Iy into the alxds fat pad m=9,
At day 27 pnnlnphnmm lung tissues were bolated and
analyzed histopathalogically. Tissues were fixed and emhedded in
paraflin. HEE waining was performed. Slides were examined by a
certified pathologis,

Supporting Information

Figure S1 (A Generation of 471 1-lae2 cells. \luu-' mammary
tumor 4T cells were fected with a bentiviral vector

enhanced hiciferase 2[18,31). Puromycin resistant clones were
wolaterd and their licerase expression was sereened by biokimi-
neveence. Intial cdoning generated 8 clones of 4T -l Lueslerase
activity was measured using an IVIS Spectrum (Binning: med,
£ stop: 1, exposure time: | sec). Total flux (photonsSaec) way

actrvities of the 4T1-luc2 clones were monsored for 4 wey
their light emission was measured weekly. All cloncs showey
than 5,000 photons/sec/cell of the light emission th
tent period. (B) Growth curves of the AT 1uc2-C27 and
b 2-C58 clones va. parental 411 celi, The celly were g
days m a regular growth medmm without puromycin.
numbers of cells aver time are plotted in a Jogarithmic scald\ Ty
cell lines showed similar growth pasterns and doubling rmes, NH
Growth of the T1-wc2-C26 and the 4T 14uc2-C3% clones
parental 471 cells in the presence of D-ucilerin, The cells were fed
with Deluciferin once a day (150 gg/mi/day, C) or twice a day
(300 pg/mil/day, D), respectively. The cells were harvested at cach
time pomt and counted. Presence of excesy of D-lucderm did not
affect the overall growth patterns of the 4T 1-luc? celly,

Found ar: doi: 10.1371/jourmal poae. 00043464.4001 (1.59 MB TIF)
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Single Cell Detection in Vivo

Figure 82 A} Limued dilution culture was performed with 4T1-
Iae2-1A4 cells i four 96-well plates. Cells were grown for 10 days
and examined their luciferase expresion by adding D-luciferin
o the cultwre media. Bioluminesent images were  taken
mumcdiately, Wells that did not show any lociferase activity did
not contaim bve cells.

Found at: doi:10.1371/jourmnal pone. 00093645002 15.36 MB TIF,

Figure 83 A-D) The 4T 140 2-C26 and the PCIM-huc-Ch cells
were subcutancownly nplanted into lank regions of SCID-by
mice, Equal numbers of cclls for cach cell fme was mplanted.
Bioluminescence images were taken 20 hrs post-implantation
wsing an IVIS Sp Numbers of implanted cells are shown
on the inserts. Imaging conditions (A B; FOV: B, binning: enall, [
stogr: b, exposare tiase: 30 sec; CD; FOV: B, binning: small, fstop:
1, exposure tame: 5 min),

Found at: doi: 10,1371/ jowrmal pone 0009364 5003 (272 MB 111

Figure 84 (A, B) Bioluminescent signal of a single 4T1hc2:1A4
cell iv sivo. Femmale sa/nn mouse was implanted with a single 4T1-
e cell »ulxuuumm-ly i the dorsal vegion. Mouse was imaged
praor to D-luciferin injection (A), Ten minwtes altes the D-luciferin
mpection, whole mouse image was taken (FOV; C, binning: small,
stop: 1, expasure time: 5 min) (B.. Dotted circle indicates the signal
fmn the implanted cell. (C) Whole mouse (an/uy) smage with
ten AT duc2-1AS celle. The exact number of cells was

pl(h’il up by a ghass capillary pipet and was injected into the back
he mouse subeutancomsly, through o skin incisson. (1)
g mage of dotted arca from panel C. Dotted circle
nal from 10 cells. Asterisk (% indicates the skin

1371/joursal pone 00093645004 (3.57 MB TIF)
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Antigen specific T cell migration to sites of infection or cancer is
mfumeﬁummummpm In mouse models of

poor sensitivity of detection (at the level of thousands of cells),
investigators to acquire images with high binnin,

d:nsxucs [8-16 pixels (px) grouped together) lo capture we:

signals in general areas (9, 13-15). In digital imaging, a px is the

ffLucin mouse T cells p king of <3 x 10* ad s
umsfencdralstﬂmungﬂmofvmdnmonmdm-b-
lished tumors. Penetration of light through deep tissues, induding
the liver and spleen, was also observed, Finally, we were able to
enumerate infiltrating mouse lymphocytes constituting <0.3% of
total tumor cellularity, representing a significant improvement
FolR dard methods of quantitation includi

9 Yy L

mmssmofanpommﬂhﬂ 1). Expression of enhanced
ay | blalogy

CGmplclc resolution of infection or cancer often de
an cffective T cell mediated immune response.
cases, in particular that of a tumor setting. only h

intensity rated by bioluminescent (BLI) reporter gdpes hia
been msmm to track fewer than tens of lhuus.mdsso .
in living animals. This has made it very difficult to 3
strategics for improving tumor homing,
In addi to BLL, p I

hy (PET) (1)

llest piece of data in an image. For review, see ref. 16,
'ﬂscncncc from human clinical trials cn;plmmg the adoptive
er of expanded autologous tumor- llmlng T cells into
unccr patients indicates that very small numbers of lymphocytes
(<0.005% per gram of tumor) reach the tumor (17). To date.
most reports studying T cell trafficking to tumors have been
Ecr(mmcd in xcnng.mn models because expression of ffluc in
uman T celis des sufficient sensitivity for BLI (18-23).
These models, 'n.-r do not consider the complex interplay
of T cells with an autologous immune system. Several investi-
gators have thus attempted to use BLI for T cell trafficking in
immunocompetent models of cancer, but because of the weak
signal intensity gencrated by filuc-cxpressing T cells, images had
to be acqun’:d using high anmg density (p) (=256 x 256 gx
24). Comparison of xenogeneic and syngeneic systems has
gotly performed in a model of mammary carcinoma in
~ @s clearly supenior in the xenogeneic system (24).
f\ investigating the trafficking of (ﬂut-cx[nmng
flaYuve also necessitated high px p, thus limiting
include collagen-induced arthritis (CIA)
agal autoimmune encephalitis (EAE) (13) and
ff discase (GVHD) (10, 12, 25).
d an enhanced version of ffLuc (cffLuc) en-
retroviral vector to facilitate detection of <10,
a given site in living animals. Retroviral transduc-
peChosen because it is a mpnd procedure (3 duys) for
R 1ng stable cxpression of a given gene, which facilitates
Compared

and intravital mvcruscop) (IVM) (2, 3) offer dy
but are less applicable to routine preclinical studies because of
their expense and laborious nature. PET also requires the use of
radioactive substrates and IVM is highly invasive and generally
requires that studied animals be cuthanized. Recently, IVM was
used to tumor specific T cells at tumor sites indicating that
tumor cell Kalling by an individual T cell occurs stowly (= 6 h) (4).
Pioneered by Contag er al. and using bioluminescent bacteria
(5), BLI is among the most commonly used modalitics for
of small ks. To date, the luciferase
genes from Photinus pyralis (American firefly; flLuc). Pyropho-
rus plagiophthalamus (CB-Luc), Remilla reniformis (rLuc), and
Gaussia princes (gluc) arc the most commonly used b
emitting reporters. Of these, only ffLuc and CB-Luc cata
asubstrate (D-Luciferin) that is relatively stable i vivo, gluc and
rL.uc catabolize coclenterazine but their use is limited by hack-
ground luminescence (6). rapid clearance of their substrate, and
flash Kinetics and blue/green emission, respectively (7, 8).
Mouse T cells expressing ffluc have been obtained from
transgenic (1g) mice (9-11), bone marrow (BM) chimeric mice
(obtained after lentiviral transduction of donor BM) (12), and
direct retroviral transduction of T cells in vitro (13, 14). Unfor-
tunately, ffluc is expressed poorly in mouse T cells resulting in

cancer, the number of lymph. g the tumor is lly
only.hwhmmwdmologyapabhdmmm«lls
using bioluminescence has yet to hi of
codon optimization, removal ofuyptksplke slm and relnwlnl
modification was used to engi an d firefly |

(HfLuc) vector. Cmnpnndumhffwc.fcelkuwwwm
struct generated > 100 times more light, permitting detection of as
few as three cells implanted s.c. while maintaining long term

14342-14346 | PNAS | September 23,2008 | vol 105 | no 33
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experimentation within to weeks,

< jion of an Enh d Fi Lucife and Expression in
Mouse T Cells. We made modifications to an ffluc encoding
retroviral vector (pMSCV-fILuc-pIRES2-ThyL.1 [v-ffLuc)) to
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0.3%%
1 2206.90-229
pivie

Imm cm»c-cxmwng OT-1 T cells increased from 60% to
(Flg S2B). Allcr sorting, we lound that effLuc-
d with ffLuc Juced) T cells demon-
stmcd a >55-fold increase in intensity [photon flux (the radi-
ance (photons per second) in cach Emt ated over the ROI
iarea (cm) X 4= at a given cell numl signal intensity of
OT-1 effLuc versus OT-1 ffLuc was ?.2069 = 229 photons per
second per cell and 389 = 3.9 ons per second per cell,
respectively (Fig. 1 B and D). We also observed a 100- 1o 110-fold
increase in sensitivity (number of cells detected at the same
photon flux) (Table S1). Viral integration, measured on days 3
and S after transduction, was 4- to 6-fold better for v-cffluc
versus v-ffLuc (Fig. S3), thus the increase in luciferase acitivity
is a function of both integration efficiency and expression

efficiency.

Because the levels of firefly luciferase expression reported
here are superior to previously observed. we compared several
parameters of in vitro immunological function between sorted
\é;“m I, v-cm.;:::“l a;\d untransduced OT-1 coilgn_wmlung no

cmms in proliferation, cytotoxicity, or ¥ ion
(Fig. i in the < ion, we found
um nt .A h aﬂer tnmmon. the number of cells in the v-ffLuc
i half that in the v-cffLuc. The

of T cells expressing standard versus firetly
OT.1 7 cells 1fLuc (4 3and 8)
oe v-etfLuc (€ and D) (Bustrations of vector coding regions are shown above
each column) :Mmdlolmyl lmmammﬂmmmm
taand Q. hosen for sorting, 7 days
after sorting, transduced T cells were re:um'd for longevity of Thyi.1
expression. (8 and O) OT.1 7 cells (1 » 10°) transduced with the indicated
retroviruses were assessed for biokuminescent activity before sorting and after
addition of o-Luciferin, Signal intensity (photons per second per cell) is in the
top right quadrant of § and D.

i ion of the in particular for
mause T cells. Thyl.1 was chosen as the ¢ coreporter because it
differs from its auehc variant Thy1.2 sufficiently to be delcdod
by a specific mc | antibody but is not i
Thyl.2* strains. Mouse CD8 OT-1 TCR tg T cells spcahc fn(
Ovalbumin peptide 257-264 in the context of H2-kb (26) trans-
duced with v-ffLuc demonstrated weak Thyl.1 (flow cytometry)
and luciferase activity (in vitro). (Fig. 1.4 and B). To generate an
improved construct, effLuc. we added a (G:S): linker to the 3’
end of the pIRES2 [supporting information (S1) Fig. S1], codons
rc imized to the highest frequency of Mus musculus and a
Hepatitis Virus (WHV) pre element was added
dmmxlmm of Thyl1.1 to augment export of the viral mMRNA into
the cytosol (27). Construct illustrations arc shown in Fig. 1.
Codon optimization lead to the modification of three consensus
acceptor splice sites (positions 131, 894, and 1004), 9 cryptic
aceeptor sites (positions 194, 305, 551, 639, 669, 801, 1011, 1112,
and 1403) and five donor sites (positions 334, 349, 1083,
1169, and 1173). One consensus (position 1433) and two cryplic
donor splice sites (positions 334 and 1173) from the fiLuc ORF
were climinated by the GeneOptimizer software, Removal of
cryptic splice sites was considered important for mouse T cells
because excessive aberrant splicing has been reported as a
protective tactic used by mouse T cclis against retroviral
mnfection (28).

These modifications resulted in =809 of effLuc-transduced T
cells expressing Thyl.1 (a 6-fold increase) and a >100-fold
increasc in Thyl.l mean fluorescent intensity in the unsorted

tion. Less than 25% of effLuc OT-1 lost Thyl.1 expression
over 7 days of culture compared with >85% for ffLuc. During
this time, relative to ffluc-expressing T cells, luciferase aatmty

Rabinowich et al
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pmldcralmn curves normalized after 24 h (Fig. S5). Because
there was no difference in cell viability. we speculate that the
initial difference was due to diminished proliferation of ffluc
OT-1 cells that were forced to handle the expression of ffLuc,
which utilizes ma

d from 10- to
c S1).

fells in Vive. CSTBLG6 T cells were
two constructs, and T cell numbers
were injected sc. into CSTBL/G (B6)
ion for T cells duced with
fiLuc was hctwecn 10,000 and 30,000 cells. We found that <300
T cells expressing effluc were required to match the photon flux
of 30,000 T cells expressing fflLuc (2.7 % 10° = 1.3 x 10° versus
8 10* = 8.3 x 10" photons/sec/ROT). Thus, effLuc resulted in
an increase in sensitivity of 200-200 times (Fig. 24). Striki
we found that as few as three T cells effLuc

imaged even when acquisition was using a binning
setting of 4 (512 X 512 px) (Fig. 2B). These results suggest that
efflLuc should permit the studyd detailed mtﬁckmg patterns of
even small populations es. Morcover, all
there was 40% loss in em.m-cxprmng T cel
could still be d d ign d skin of wild type
CS7BL/6 mice. This will allcnv lm imaging studics in a widc
variety of tg and knockout animals not on albino strains
(Fig. S6).

Our in vivo images of clﬂ.uc ) 3 mlk were a:qunrcﬁi using a

bi ¥

small px of 4
with betiey confdence than has been historcally possibic with
rlLucTc;dlls. which requires l:‘l‘%tf px psettings (binning of |z;-ll:
corm ing to 256 x 256 128 % 128 px, respectively) to
c“:ngmlabmlhcnm(‘) 13, 14).

We examined the difference in sensitivity between T cells
transduced with v-ffLuc versus v-effLuc in two different immu-
nocompetent animal modcls. The first was a model of vaccina-
tion \sbcmbyToclls migrate into the s.c. tissue of the vaccine site.

Ova peptide-pulsed or DCs (10° cells) were injected s.c. into the
left or nght inguinal region, respectively. On the same day, filLuc-
or effLuc-expressing OT-1 T cells ranging from 3 % 10* to 10°in

PNAS | September 23,2008 | vol 103 | no 38 | 14343



T cells with opi

tir 1 (A) B6 T cells with v.ffLuc of v-effLuc (3s indi-

Cated) were injected s.c. at the indicated numbers into 86 Albino mice, and
with

Fg. 2. i vivo imaging of s.C.

hl ly reproducible at all of the imaging time points, A side by
comparison of luminescent activity of equal numbers of
lr.nmkm:d fLuc- versus dﬂ.uc«pm;smg T cells that migrated
to the vaccination sitc indicated a >100-fold difference in
sensitivaty, similar to our in vitro data 1hg 3C; day 5 is shown).
Photon fhix produced by T cells transduced with v-¢ffLuc and
injected s.c. into the ventral skin of a mouse (n = 3), was used
to establish a standard curve (Fig. §7) to back-calculate the
approximate number of effluc T cells in the sc.
tissue in the group receiving 3 x 10° T cells. This approach
indicated that =450 T cells had migrated to the vaccination site.
Bioluminescence was also obscrved emanating from decper
tissues (Fig. 3D; 10° transferred T cells are shown), which
allowed us to perform simple Kinetic analysis (Flg, 4D). These
caﬂl:urc the trafficking of as few as 0.003% (3 X 100 T

cells) of the total lymphocyte pool (=10 cells).

Imaging Mouse T Cells in an Established .n-mnrhm
Model. Finally. we evaluated our ability to image effLuc T cells
within Iargc pmu:ablnshod tumors (arca >50 mmv’) in a well

photon emassions were measured on an IS 200. (8) T celis
v-effLuc were injected 5. at the level of 30, 10, or 3 cells a5 indicated.

number, were injected retro-orbitally. Imaging was performed
on days 1-6, For both groups, we found that T cells were
detected at the site of the Ova vaccination but not the mock
vaccination, Results were highly reproducible between animals
even when as few as 3 % 100 T cells expressing effLuc were
transferred (Fig. 34). The number of adoptively transferred T
cells required for detection at the vaccnation site for {fLuc and
effLuc was 10° and =3 x 10° T cells, respectively. We found that
light emission at the vaccination site was ~3-fold higher for
animals that received 3 % 10° versus 10 ffLuc T cells. A
representative day 5 image is shown in Fig. 38. This result was

P

Fig. 3. Comp of migr with v-ffLuc
versus v-effluc to Ova peptide-pulsed DCs. 1 x 10° Ised or
unpulsed dendritic cells were injected into the left or right Inguinal reglon,
respectively. Simuitancously, T cells transduced with v-effLuc or v-ffLuc were
Injected intravenously. (A) Mice receiving 3 x 10° v-etfLuc-transduced T celis
on day 2. (8) C t mice g 3 % 10 veffLuc Teells
(Left) versus 1 » Wv"uxuxmzdnemwmo imaged on day S. (O
Comparison of mice that received 1 x 10° v-flluc-transduced T celis (Lefn)
versus 1 x 10° veeffLuctransduced T cells (Righn) imaged on day . (D)
Sequential imaging on days 1-6 (days 1, 2, 4, and S are shown) of an animal
thatreceived 1 x 10° v-effluc-tramsduced T cells, Theynmtpmmhmolu\s

of OT.1 T cells

blished model of ad h . B6 Albino mice
bearing ELA (left flank) and Ovn-cxpremng EL4 (EG.T:
flank) tumors were injected retro-orbitally with cffLuc-
transduced OT-1 T cells rangin, anumb:rlrmnleo‘lultP
The preferential therapeutic efficacy against EG.7 tumors is well
described in this model after the transfer of =3 x 10° OT.1 T
cells (29), a result we duplicated (data not shown), T cells were
detected at the site of EG.7 but not EL4 tumors after the transfer
of as few as 3 x lo‘chlls(anM day 5 is shown).
Biolum correlated with the ber of trans-
Icm:d T cells (Fig. 48). “The observed on {lux at the EG.7
tumor site was used Lo calculate the number of infiltrating T cells.
We investigated whether the photon flux of effLuc T cells
injected intratumorally (IT) was lower than those injected s.c..
No statistically significant difference was observed (Fig. S8).
Consequently, even when 10° OT.1 T cells were transferred, our
ations estimate an infiltrate on day 5 of only 3-5 x 109 cells.
he tumm and subjected them to Thyl,1 detection
lrd(‘andD)or THC (Fig. 4 E-H). We
s were observed at a frequency of <0.3%.
kwg'lom:lry cannot accurately quantitate cell
| Using THC, the number of positive cells
between tissue sections. This indicates that BLI of
cxpmmng effLLuc is amore accurate method of cell

In tluﬁ report we addressed the long-standing problem of how
to express fllLuc in mouse T cells at sufficient magnitude to
achieve a signal intensity suitable to detect <10,000 T cells at
a given location and track =0.003% of the lymphoid pool
within living mice. We decided to focus on retroviral vectors
and transduction because this ure is rapid, simple, and
less expensive than crossing ffLuc-tg mice onto immunologi-
cally relevant backgrounds.

‘e made several changes to the standard retro-viral construct
encoding (1) ffLuc, (2). an EMCV IRES and (3) Thyl.1. We
added a (G;S); flexible linker at the 3" end of the IRES to
facilitate wild type RNA folding (RE-IRES). Next, we Hx
ceeded to codon optimize, remove cryptic splice sites from {
and add a WHYV pre clement. These modifications resulted in
=100-fold increase in luciferase activity and Thyl.1 expression
intensity. Our data indicate that tRNA a\'.ulnhlny and cryptic
splicing are the major factors limiting expression of ffLuc in
mouse T cells after transduction. We found that, compared with
fLuc, tion of effLuc into human PBMC-derived T cells

second per square centimeter per . In exch cse, 3 rep exper.
iment is shown,
14344 | wwawv.pnas.org/cgi/doi/ 10.1073, pnas 0804103105
31

45

resulted in only a 10-fold increase in light emission (Table S1).
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Fig. 4. small numbers of

transferred tumor specific T cells can be detected at preexisting tumors. B6 Albino mice were sublethally iradiated (300

adoptively
Gy) and implanted s.c. with 1 x 10f Ova-expressing EL4 (EG.7) tumor celfs in the right flank. The same number of control EL4 cells was implanted on the left

flank. Seven days later, different numbers of OT.1 T cells transduced with v-effLuc were intravenously injected into the animals. Five days after
104 OT.1 7 cells. (8) A representative exampie of tumor infiltration on day S after transter of
(c—c)m(cmdnmm1 ”

animals were Imaged. (A) A group of animals injected with 3 x
eftLuc-exps g OT.1 T cells (as
eftLuc g OTA T cefl and

fo Thy1.1 expr

s

efficacy of chimeric activation receptors (18-23). Suc]
however, are difficult to evaluate from a dynamic i
perspective because they necessitate the use of i
deficient mice.

Our data suggest that the use of efflLuc will
sensitivity to invc.stigult differences in traffi ing and efficacy
bef dl[fercnl jons of only 3-10 x 10¢ adoptively
transferred, \ scally distinct, or genctically modificd,
tumor-specific T cells (0.003-0.005% of the lymphoid pool).
Using a standard curve of effLLuc-expressing T cells injected s.c.
or IT, we were able to back calculate the approximate number
of T cells at a s.c. or IT site. Although three replicate mice were
used to establish these curves for each experiment, we feel that
the calculated T cell numbers should be considered semiquan-
titative. Further, compared with sc., IT injection resulted in

what appeared to be a trend toward a25% % loss in signal. but we
could not establish statistical icance, Current adoptive
immunotherapeutic regimens involve the transfer between 1 and

40 billion heterogencous tumor specific T cells. In the setting of
metastatic melanoma, tumor infiltration has been measured as
<0.005% per gram of tumor (17, 30-32) and therapeutic activity

transter,
4.6 lmml&deﬂSdt[SiﬁﬂWﬂmﬂ!’M‘ x 10

pressing effLuc injected s.c., can be imaged in
pr data suggests that this ltchmkvgy is better
1 llfr.auun of -_(M of a population of cells

dmupuun THC appeared to visualize small cell
considerable variation was observed between
pf diffcrent tissue depths. Crossing ffluc-tg mice onto

sple strains currently used as models for st g T cells
isa \aluablc lochmquc for \anous applications including the

of to multiple stimuli. It will
g effLuc \ull result

heth

g Lo see
in superior dclccnm of cell

versus ffLuc tg mice. The appmach described | hm: offers inves-
tigators the ability to address questions more quickly than with
tg models, From a therapeutic perspective, it should now be
possible to visualize and identify subsets of lymphocyles consti-
tuting =0.003% of the lymphoid pool that arc responsible for
different aspects of anti-tumor activity and autoimmunity.

Methods

Animals, CS7TBLG)-Tyr-24) Alino mice were purchased from The Jackson
Laboratory. CS7BUG OT-1 TCR tg mice were bred in the vivarium at M. D
Anderson Cancer Center. The M. D. Anderson Cancer Center Animal Care and
Use Committee approved all protocols.

lg mm. Xp

many
results in the lr:msfct of later pmugc cells lhal are likely less
potent effectors and is complicated by T cell trapping in the lungs
that can cause respiratory distress (35) and vascular leak syn-
drome (36). The use of effLuc in models of adopti

is not pmhaahlc (33,34), m m)cclmn of I.ugc cell numbers h.‘is
Thep T labor i

o
Thy1.1. Plasmids were derived from the pMSCV-TEFLUCPIRES. Thy1.1 encoding
ffLuc (pGL3; Promega), EMCV PRES2 (Clontech) and Thy!.1 (ML, unpud-
lished data). The reengmeered EMCV IRES (REARES) Indudes 3 3 linker (G,S),
synthesized by Gerscript and doned between Hpal and Xho- sites. Codon

p
therapy will hopefully provide the technology necessary to
resobve these side effects and allow the identification of a small
subset(s) of T cells, which are mpumiblc for anti-tumor activity.

In v, we have developed 4 imized version of ffLuc

that can be transduced into pnmarv mouse T cells. As few as

Rablnovich et al

32

46

remowval of cryptic splice sites and negative cis-acting motifs
mtperﬁmmd GeneOptimezer and synthesized by GeneArt. effluc
and Hpa-/ sites, ‘meowmlzed(ommwz

Joning 3 Sal-fand Cla-r clement
Dm)dwnuramofmyub«msnuandmw(omuuhm
sequence verified
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TCR tg mice were cultured in X-Vivo-15 (Lonza), Normocin (nvivogen), 200
Proleukin (Chiron), and 0.1 ug/mil anti-mouse CD3 (done 2C11; onm
Kknces) mru-unmmmmnmwmsmmm
At 1.6 pgiml and 2

Y EA

added at to 100 ng'mi. On day 11, DCs were pulsed with 1 ug/mi Ova peptide
257-264 (Ovap) and washed, and 1 x 10* cefis were injected into the left
Mmdmmm,mwmmmm
was injected on the right side. Immediately after DCs injection, 3 x 104~ 1 x
10° OT-1 TCR g T cells expressing ffLuc or effluc were injected iv. via retro-
orbital ingection. Imaging was performed on days 1, 2, 4. and 5,

Moded of

Cancer. ELS Of EG.7 tumaor cells (2 « 109)
mmmlmmmmmmmcsmmmme seven days
later, 3 < 104 —10° OT- TCR 19 T cells expressing effLuc were injected v via
mmmmmmwmla\ds insome cases,

..gm 31850 « gfor 2h. The cel
were washed and in Alpha-MEN, 10% FBS, Normodin, and 200
Ui Profeukin. Cells were stained three days after transduction with anti.
mouse Thyl.1 PE (BD-PharMingen) and sorted using 3 FACSVantage (BD
Biostiences),

Assay. Transduced T cells were washed in PES and 1 %
10° cells tested foe fight emission in 2 96.well format in tripicate in 200 !
OPTLMEM150 oLxiferin gen), using 3 Top app
(Perkin-Elmer).

h{( CD11b" DCs,

|monmmquemmm¢nmumm x 104l (S mi)
in AJpha-MEM, 10% FBS, Noemocin, and 200 ugami FIt3.L and cultured 3t 37°C

for Thyt.1
IHC of formalin fixed paraffin embedded sections of via flow cytometry.

In Vive Imaging. animals were im-
ag!dm\gmmsmmm)smmmw Injection of 2 mg of
o-udferin

P Living image soft-
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