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Abstract. Dynamic fluorescence images were obtained from a subcu-
taneous human Kaposi’s sarcoma tumor (KS1767) model immediately
following the intravenous injection of an integrin-targeting cyanine
dye conjugate, Cy5.5-c(KRGDf). The fluorescence images, acquired
via an intensified charge-coupled device detection system, were used
in conjunction with a pharmacokinetic (PK) model to determine ki-
netic properties of target binding in the presence and absence of a
competitive ligand, free c(KRGDf). The results indicate that the con-
jugate dye behaves similarly in normal tissue to the free Cy5.5 dye
while it possesses increased uptake in tumor tissue. The change in
pharmacokinetic parameters obtained from dynamic imaging of
Cy5.5-c(KRGDf) after administration of c(KRGDf) as a competitive

ligand to the integrin receptor suggests that (i) the increased uptake of
Cy5.5-c(KRGDf) is molecularly specific and that (ii) receptor turnover
occurs within 24 h. In addition, PK analysis enables quantification of
an in vivo c(KRGDf) binding constant attributable to integrin binding.
In vivo pharmacokinetic analysis based on rapid and dynamic optical
imaging may be potentially useful for evaluating the presence and
turnover rate of disease markers that are potential targets of molecular
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1 Introduction of paramagnetic agents for magnetic resonance imagorg

In the past several years, there has been acceleration in théadiotracers for nuclear imagitig** have been reported for
development of cancer agents which act to inhibit signal Predicting treatment outcome or patient candidacy for
transduction that would otherwise lead to the proliferation or integrin-targeted thgraplgs. In thls. work, we d.emonStrat!a the
antiapoptosis of the cancer cells. The agents are often targeted!Se Of fast, dynamic optical imaging from which early time
to an extracellular membrane bound receptor or to an intrac- Pharmacokinetic analyses may providevivo information of
ellular protein critical to the signaling pathway, resulting in receptor-ligand affinity and receptor expression levels, as well
the interruption of the downstream signaling cascadeA as an estimate of the timescales associated with receptor turn-
surrogate marker and noninvasive imaging technique that Over. The diagnostic agent used was a conjugate of yde
could assess receptor or protein expression levels could enArg-Gly-Asp-D-phe peptide [c(KRGDf)], known to selec-
able (i) evaluation of patient candidacy for receiving the tively bind to a, 35 integrin!® and a fluorescing cyanine dye,
therapeutic agentji) early indication of treatment response, Cy5.5, for optical imaging o, 35 integrin overexpressed on
and (i) understanding of the mechanism of therapeutic re- xenografted tumors in a murine model of human Kaposi's
sponses. The integrir, 83 has been associated with tumor sarcoma, KS1767, as well as on cultured cellgitro. Upon
progression and metastasisnd has been shown to play a pretreatment with the(KRGDf) peptide to occupy ther, 33
critical role in tumor angiogenesisturthermore, antagonists  integrin receptor sites for binding of the conjugate Cy5.5-
of a,B3; have been shown to decrease angiogenesis and in-c(KRGDf), we show that dynamic optical imaging may be
duce tumor regression in preclinical tumor modélsBoth used to provide pharmacokinetic parameters that indicate
peptide and antibody integrin antagonists have been clinically vivo receptor expression levels as well as their modification in
evaluated'® Studies involving peptide or antibody targeting response to therapy.

In the following, we present the materials and methods,
derivation of the pharmacokinetic model, as well as the phar-
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macokinetic(PK) parameters for uptake of free Cy5.5 and Tumor cells to be implanted into mice were harvested near
Cy5.5-dKRGDf) in the absence of and following administra- confluence by incubation with 0.05% trypsin-EDTA. Cells
tion of (KRGDf) as a blocking ligand within KS1767 and were pelleted by centrifugation 450X g for 5 min and re-
normal tissuesn vivo. The study is conducted with small  suspended in sterile PBS. Ce{8—3x 10°/anima) were im-
subcutaneous tumors on xenografts where tomographic imag-planted subcutaneous into the thigh region of mice.
ing with diffusion-based, time-dependent measurements of  Animals were subdivided into four test groups based on
light propagation and generation are inappropriate and in- the contrast agent administered. Animals in the first group
valid. Nonetheless, the rapid, continuous-wave measurementN=2) received the free Cy5.5 dy@ nmol/mousg while
permitted by a red-sensitive intensifier coupled with a charge animals in the remaining three groups were administered the
coupled devicéCCD) camera provide dynamic imaging from  Cy5.5-dKRGDf) conjugate(6 nmol/mousg Of those ani-
which pertinent PK parameters of molecular specificity can be mals receiving the conjugate dye, one-third received the con-
obtained. jugate dye alongdN=3); one-third received the conjugate
one hour after the intravenous injection of unconjugatéd c
2 Materials and Methods RGI_I)f) peptide(N=3); ar_ld the remai_ni_ng t_hird received th(_a
conjugate 24 h after the intravenous injection of the unconju-
2.1 Synthesis Cy5.5-c(KRGDf)]-Conjugate gated ¢KRGDf) peptide (N=3). The unconjugated (&-
c(KRGDf) was synthesized on linker-PL-DMA resin using RGDf) peptide was administered at 200 times the dose of the
Fmoc solid phase chemistry as described previotidyiefly, Cy5.5-¢KRGDf) conjugate.
peptide was cleaved from the support with 1% trifluoroacetic
acid (TFA) with all sidechain protecting groups intact.
The head-to-tail cyclization was then carried out in DMF Before fluorescence imaging, mice were anesthetized by in-
using  benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium  traperitoneal injection of 50 m¢kg bw)~* Nembutal(Sigma,
hexaflurophosphate, 1-hydroxybenzotriazole, and N,N- St. Louis, MQ and a catheter was positioned into the tail vein
diisopropylethylamine(DIPEA) as coupling agents. After to facilitate the subsequent delivery of the fluorescent dye.
removal of all sidechain protecting groups the cyclic peptide Fluorescence images were obtained gvess for a period of
was purified by reverse phase HPLC eluted with approximately 18 min following the injection of contrast
H,O/acetonitrile containing 0.1% TFA. For conjugation with agent. Excitation light provided by a laser dio@s0 nm, 35
the fluorescence dye, a solution of Cy5.5-NH&). (1)] and mW) whose beam was expanded via a planoconvex lens and a
c¢(KRGDf)][Eq.(1.3)] in DMF/DIPEA (10/1p/v) was stirred holographic diffuser to provide a uniform excitation field of
at room temperature overnight. After all solvents and by- approximately 12 cm in diameter over the surface of the ani-
products were removed under vacuum, the compound wasmal. An intensified CCD, comprised of a 16-bit CCD camera
purified by reverse phase HPLC eluted with a 0.01 M solution (Photometrics, model CH350/L, Tucson, AZoupled to an
of NH,OAc in water/methanol. The Cy5.5%RGDf) product image intensifier (model FS9910C, ITT Night Vision,
was validated by analytic HPLC and MALDI mass spectrom- Roanoke, VA via a 105 mm lens, functioned as an area de-

2.4 Experimental Imaging Method

etry. tector of re-emitted fluorescence ligitA holographic notch-
plus band rejection filte(660 nm center wavelength; Kaiser
2.2 Cell Adhesion Assay Optical Systems, Inc., Ann Arbor, Mland a bandpass filter

(710 nm center wavelength; CVI Laser, Albuquerque, NM
were positioned prior to a 50 mm lens to reject backscattered
and reflected excitation light and isolate only re-emitted fluo-
rescence light. For the acquisition of white-light images, a
low-power lamp provided a white-light source and the filters
were removed. Image acquisition was controlled by a per-
sonal computer equipped with+ + imaging softwargDigi-

tal Optics, Auckland, New ZealahdThe first five images
were acquired prior to the bolus administration of the fluores-
cent probe, and thus, served as base line or background im-

KS1767 cells were seeded in DMEM/F12 culture medium
supplemented with 10% fetal bovine serum for 24 h. Cells
(1x10°) with different concentrations of (§RGDf) or
Cy5.5-dKRGDf) were added to vitronectin-coated microtiter
wells under serum-free conditions and incubated at 37 °C for
1 h. After washing steps, the bound cells were stained with
5% crystal violet, followed by addition of 0.1 M HCI to each
well. The concentrations of crystal violet were determined by
ultraviolet/visible absorption at 627 nrtCgq values were es-
timated from the dose-activity curves.

ages.
The injected dose of Cy5.54€RGDf) and the image ex-

2.3 Animal Model posure time were equivalent to 6 nm@h 0.3 mL volume

Six-week-old female athymic nude midau/nu; 18-22 j and 800 ms, respectively, and were constant for all the imag-

were purchased from Harlan Sprague Dawley, Ifindia- ing studies conducted. Fluorescence images were obtained at

napolis, IN and housed five per cage and fed sterilized pel- 24 h postinitial injection and again every 24 h thereafter until

leted food (Harlan Sprague Dawley Inc., Indianapolis,)IN little or no fluorescence signal was detectable from the tumor
and sterilized water. Animals were maintained in a specific region of interest, as determined qualitatively, for up to 168 h.

pathogen-free mouse colony in the Department of Veterinary . o .

Medicine (The University of Texas M. D. Anderson Cancer 2-5 Analysis of Pharmacokinetics from Dynamic

Center, Houston, TX The facility is accredited by the Ameri- ~ /maging

can Association for Laboratory Animal Care and all experi- Upon completion of the imaging routine, a background image

ments were performed in accordance with the guidelines of was subtracted from each of the acquired fluorescence im-
the Institutional Animal Care and Use Committee. ages. The white light image was then used to define two re-

Journal of Biomedical Optics 034019-2 May/June 2005 « Vol. 10(3)



Gurfinkel et al.: Quantifying molecular specificity . . .

k [extravascular, | R lar uptake. The rate at which the dye accumulates in the cel-
blood extracellular cell lular compartment, whether through association with cellular
k  Lspace BES) membrane receptors or internalization, is denotedRby
K, If the rate of accumulation of dye in the cellular compart-
ment,R, is constant, determining the time-dependent dye con-
centration in each of the compartments is relatively straight-
Fig. 1 Schematic depicting the three-compartment pharmacokinetic forward. However, in general, the association between the dye
model employed. and the cell is a saturable process. Therefore, the rate of dye
uptake by the cell may be expressed as
gions of interestROI); one was located entirely within the ViCees
circumference of the tumor and the other, approximately R= Km+—CEEs 1)

equivalent in size, defined a region of normal tissue located

symmetrically opposite the tumor site. Utilizing Matlab soft- whereV,, is the maximum rate of dye internalization or re-
ware (The MathWorks, Inc., Natick, MAthe mean of the ceptor association at the cellular compartment &gl is
fluorescence intensity within each ROl was computed for ev- known as the Michaelis constant and is equivalent to the dye
ery fluorescence image acquired. Plots of mean fluorescenceconcentration at which the rate of uptake is equivalent to one-
intensity versus time were then generated for each of the im- half the maximum rate. Equatiol) is a form of the
aging studies performed. The mean fluorescence intensity as dvlichaelis—Menten expression for a saturable reaction based
function of time after agent administration within each ROl on a single substrate mechanism. Using E|to express the
was fitted via a nonlinear Levenberg—Marquardt regression rate of distribution of the dye to the cellular compartment
algorithm to the PK equation described in the following sec- leads to nonlinear pharmacokinetics and considerably compli-

tion. cates the mathematics of the model. Fortunately, at low dye
concentrations, wher€ggsis much smaller thaik,,,, Eq. (1)
reduces to

3 Theory

3.1 Derivation of Three-Compartment Vi

Pharmacokinetic Model R= K, Cees=KcCees, 2

In this section we develop a pharmacokinetic model in order
to describe the time-dependent distribution of the fluorescing
dye-peptide conjugate throughout the animal. The model, de-
picted schematically in Fig. 1, is comprised of three compart-
ments in which Cy5.5 reside§) the blood plasma compart-
ment, (ii) the extravascular, extracellular compartment, and
(iii ) the tissue compartment representing the “bound” Cy5.5

whereV,,/K,, can be expressed as an apparent first-order rate
constantk., that describes the distribution of dye between
the EES and bound, cellular compartments. Furthermore, the
distribution of dye from the EES to the cellular compartment
is assumed to be a one-way process which is proportional to
the available integrin receptor density. That is, cellular uptake
. . . is considered irreversible and dissociation of the receptor-dye
associated to the integrin receptor. ;
. L - . complex is assumed to occur at a rate much slower than the
The dye is administered rapidly into the blood plasma o
rate of association. Therefore, the rate constant for the reflux

compartment via an intravenous bolus injection. From this .
. from the cell to the EES compartment is assumed to be neg-
central blood compartment, the dye diffuses across the vascu-

| : L : ligible. Applying this approximation, the diminution and ac-
ar endothelium, and partitions into the extravascular, extra- . )
cellular spacdEES represented by the second compartment. cumulation of dye in each of the three compartments can be
The endothelial transfer coefficient or the rate constant for the expressed as
distribution of dye from the blood to the EES is given ky
while k; is the rate constant describing the reflux from the %_ — -
r 9 - = —(kp T ke)Cgt Kk Cees= —kgCpg+ K, Cees,

EES to the blood. A measure of vascular permeability can be dt
obtained from an analysis conducted on first pass circulation <)
data, or data obtained immediately following the bolus injec-
tion of the agent. In the past, Cuccia et al. employed a phar- dCEES_k K 4k —k K
macokinetic analysis to quantify physiologic parameters re- gt KpCe~ (Kt ke)Cees=kpCo~KeeCees: )
lated to capillary permeability following the administration of
the nonspecific dye indocyanine greén. dc,

In addition to extravasation into the EES, the dye is elimi- T k:Cees, (5)
nated from the blood compartment via other routes such as
kidney filtration and liver metabolism, described collectively wherekg=Ky+Kej, Kegs=k,+ K¢, tis time, andCg, Cggs,
by the rate constarkte;. For nonspecific dyes, that is, dyes andCc represent the concentration of dye in the blood, EES,
that do not exhibit cellular specificity, the blood and EES and the cell, respectively.
compartments may be sufficient to describe their The detected fluorescence intensity at the tissue surface is
distribution”'® However, for dyes that exhibit molecular mediated by a number of factors including the tissue optical
specificity, a third compartment is included. This third com- properties of scattering and absorption and the depth and con-
partment represents the association of the dye at a molecularcentration of the embedded fluorophore within the tissue. For
level, whether it is through surface receptor binding or cellu- purposes of monitoring the temporal fluorescence intensity we
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can assume optical properties of the tissue are constant andemained fixed, the root function that appears in the expres-
can express the detected fluorescence intensity as a weightedion for both « and 8 would asymptotically approackg

sum of the concentration of the dye in each compartment

(6)

wherel (t) is the time-dependent fluorescence intensity and
Wy, W,, andws are weighting functions that represent the
volume fraction of the blood, EES, and the cellular compart-
ments, respectively. Additionally, the weighting functions ac-

I(t)=w;Cg+W,CgestW5Cc;,

count for the attenuation that occurs as the fluorescent light

traverses each compartment.

To obtain the time-dependent dye concentration in each of
the compartments, the system of differential equations given
by Egs.(3)-(5) may be solved simultaneously subject to the
initial condition that at the time of i.v. bolus injection of the
dye, t=0, Cg=Cpgy, Cges=0, and C.=0. The results may
then be applied to Eq6) to obtain the following expression
for the time-dependent observed fluorescence intensity:

I(t)=1g+A[l—exp—at)]+B[l—exp —Bt)], (7)
where
IOZW]_CBO, (8)
Cg Kckpws
A= ﬁ[kpwf(a—k&gwl— = } C)
Cg Kckpws
B= = | (B~ keegwi—kpwo+ = } (10
and « and 8 are complex rate constants given by
a=3[Keest Ka+ (Kees— kg) 2+ 4Kk ], (11
B= 3 keest ke — V(Kees— Kg) 2+ 4k K, ]. (12

The pre-exponential facto’s and B are concentration terms
that mathematically reflect the magnitude of the detected sig-
nal. Upon inspection of Eq$9) and(10) one observes that it
is difficult to relate these parameters to physiological param-

eters as the volume fractions of vascular and extravascular
space or the rate constants governing dye uptake. Nonethe

—Kkges for large values ok, andkges— kg for small values.

As a result,a approache&g while 8 approache&gcs when

the intrinsic elimination is very rapid. The trend is reversed
when elimination is slow;a approacheskggs while 8 ap-
proachekg . Finally, and more importantly, becauaeand 8
differ by only the sign in front of the root function, the sum of
a and B yields the sum of all rate constants between the
various compartments of the modek+ 8=k +k,+k;
+k.. One may exploit this result to determine the magnitude
of the rate constant for specific uptake of contrast agent within
the cellular compartmenk. as follows: for a given specific
contrast agent administered in an animal bearing a tumor
model in which the specific cellular uptake mechanism has
been compromised while the remaining mechanisms of dye
uptake remain unchanged, the net decrease-iB reflects

the magnitude of the rate constant for specific cellular uptake
of the contrast agent.

As a final note, from Eq(7) it is evident that , represents
the fluorescence intensity at the time of contrast agent admin-
istration or background fluorescence intensity level. Thus,
when one applies a background subtraction technique, the
mathematical equivalent of setting equal to zero, the num-
ber of parameters to be fit is reduced such that the time-
dependent observed fluorescence intensity may be expressed
as

[(t)=A[1l—exp —at)]+B[l—exp —Bt)], (13

where the pharmacokinetic parameté;sB, «, and 8 were
previously defined in Eqs(9)—(12). Given time-dependent
observations of fluorescence intensity, Ef3) may be em-
ployed in a regression algorithm to obtain estimates of the
pharmacokinetic parametefs B, «, and 8.

In summary, the four parameter, double-exponential equa-
tion represents the analytical solution to a three-compartment
pharmacokinetic model with first order distribution between
(i) the vascular(ii) the extravascular extracellular space, and
that associated witltiii) molecularly specific binding. The
parametersr and 8 are complex rate constants governing up-
take into each of the three compartments and its Sant,3)
represents the sum of first order rate constants.

less, these parameters may reflect high vascular volumes as-

sociated with diseases.
An examination of Eqs(11) and(12) reveals that the com-
plex rate constankx must be greater thaB. As a result, at

4 Results and Discussion

4.1 In vitro Binding Studies

early time points the expression for the observed fluorescenceTo test the antiadhesive activity of Cy5.8K&GDf) and ¢K-

intensity is more strongly influenced by the term containing
However, the exponential term containingapproaches zero
more rapidly than does the term containiggConsequently,

at later time points the expression for the observed fluores-
cence intensity becomes a function@®tlone. Therefore, the
early time portion of the fluorescence intensity profile is re-
ferred to as ther phase whereas the later portion is known as
the B phase.

Furthermore, it is evident that the values @fand 8 are
intimately related to the values of all other rate constants. It is
particularly interesting to examine howand g vary with the
magnitude of the elimination rate constaky,. For example,
if the value ofkg is varied while all other rate constants

Journal of Biomedical Optics
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RGDf) peptides, attachment of KS1767 ce($x10°) to
vitronectin-coated microtiter wells were studied using differ-
ent concentrations of each peptide. Both Cy5ISRGDf)

and ¢KRGDf) behaved similarly, blocking the attachment of
KS1767 cells to microtiter wells in a dose-dependent manner
with estimatedCgj of 2.5 and 1.2uM, respectively. Figure 2
shows the dose-dependent inhibition of KS1767 cell adhesion
as indicated by the diminution of crystal blue dye with in-
creasing concentrations of both Cy5&RGDf) and dK-
RGDf). Cell attachment was inhibited because the peptides
compete for ligand binding sites of the cell surface integrins.
Thesein vitro results confirm the molecular specificity of
Cy5.5-dKRGDf) and ¢KRGDf) to the cell surface integrins.

May/June 2005 « Vol. 10(3)
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Furthermore, using fluorescence microscopy we have con-Fig. 4 Results of the nonlinear least-squares regression in determining

firmed the inhibition of Cy5.54KRGDf) binding to KS1767 the sum of the pharmacokinetic complex rate constants a+3. The

; ; ; 15 column height represents the mean value of the test group listed along
cells by preincubation with(KRGDY). the abscissa while the error bars represent the standard deviation. The

time in parenthesis represents the time between injection of the RGD

4.2 Pharmacokinetic Analysis peptide and the Cy5.5-c(KRGDf) conjugate.

Figure 3 represents typical dynamic fluorescence intensity
profiles in the(a) tumor ROI and(b) normal ROI and the
corresponding least-squares fit obtained from one representa-
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Fig. 3 Fluorescence intensity versus time profiles obtained from one
representative animal of each of the groups that received an injection
of the RDG-Cy5.5 conjugate, acquired from the (a) tumor ROI and (b)
normal ROI. The symbols denote experimental measurements while
the solid line denotes the corresponding least-squares fit. The squares
() denote data from an animal receiving the Cy5.5-c(KRGDf) conju-
gate alone, while the circles (O) and diamonds (<) represent data
obtained from an animal receiving the conjugate 1 h and 24 h, re-
spectively, after the injection of RGD peptide.
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tive animal of each of the groups that received an injection of
the Cy5.5-¢KRGDf) conjugate. The coefficient of determina-
tion R? for the regression was 0.99 or greater in all cases. In
both normal and tumor ROIs, uptake w@sgreatest when the
animal received Cy5.5¢(KRGDf) conjugate alonefii) re-
duced when the animal received the Cy5(BRGDf) conju-
gate 1 h after administration of fre¢kiRGDf) as a blocking
agent, and(iii) recovered when the animal received the
Cy5.5-dKRGDf) conjugate 24 h after administration of free
c(KRGDYf) as a blocking agent. In addition, normal tissue ex-
periences a diminished reduction of update with administra-
tion of competitive binding of (KRGDf) than seen in the
Kaposi’s sarcoma. This is presumably due to the lower inte-
grin receptor density found in normal tissues as compared to
Kaposi’'s sarcoma.

Figure 4 shows that the sum of the pharmacokinetic rate
constantsa+ 3, does not appear to differ between the normal
ROIs of all animal groups; a series of homoscedastic pobled
tests confirmed that the mean estimates®f3 are not sig-
nificantly different, at a 95% significance level. For animals
injected with free Cy5.5 and animals pretreated witK-c
RGDf) peptide one hour prior to the injection of the Cy5.5-
c(KRGDf) conjugate, the values af+ 3 in tumor ROIs are
statistically similar at a 95% level of significance to each
other and to the mean values aft 8 determined from the
normal ROIs. These results suggest that the free Cy5.5 dye
exhibits similar targeting, or lack thereof, in KS1767 tumor
tissue and in normal tissue. In contrast, the value-6{3 was
found to be three to fourfold greater for the tumor ROIs of the
animals which received Cy5.3€RGDf) conjugate(mean
a+B=0.2]) than for those value§) from the normal tissue
ROIs in animals injected with Cy5.5 or Cy5.5KRGDf)
(meana+ B=0.049 or 0.068and(ii) from the tumor ROIs in
animals injected with Cy5.fmean«+3=0.055. Statistical
analysis revealed that the estimates dor B from within the
tumor ROIs of the test groups administered Cy5RRGDf)
alone or the conjugate dye 24 h after treatment with fifé&e ¢
RGDf) peptide were significantly different from the values of
the remaining test groups.
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The conjugate Cy5.5¢6KRGDf) exhibited a lack of tumor  lustrated in the histograms of Figs(ch and 5d) are truly
targeting when the administration of the dye is preceded by arbitrary factors which could vary with external factors such
the injection of free (KRGDf) peptide by 1 h, as evidenced as variation in illumination power on the animal surface.
by the fact that no statistical difference wt+ g value was Nonetheless, with the exception of the free Cy5.5 dye, the
found between the tumor ROIs of animals receiving Cy5.5 tumor regions possess greater values of the pre-exponential

dye and that of mice receivindkRGDf) followed by Cy5.5- factors indicative of perhaps of the increased vascularity.
c(KRGDf) 1 h later. When the (KRGDf) peptide preceded  Clearly, owing to the large number of parameters that consti-
injection of the conjugate by 24 h, the value®f g in tumor tute @, B, A, andB individually, it is not possible to extract

ROIs was recovered and became once again significantly dif- biophysical information in the same manner as one can for the
ferent from thea+ 8 values of the normal tissue ROIs and sum of a+p.

from the tumor ROIs of mice injected with Cy5.5 and mice Fluorescence images of all animals studied were also ob-
injected with ¢KRGD() followed by Cy5.5-¢KRGDf) with a tained at 24 h intervals following the administration of the

1 hinterval. contrast agent. Figure 6 displays the images of raw fluores-
From the studies involving the administration of the RGD cence(i.e., no background subtractipverlaid with white
peptide prior to the administration of the Cy5.6<RGDf) light images and obtained 24 and 48 h following the initial

conjugate, one may draw the following conclusions. First, be- injection of the contrast agent for a representative animal of
cause the net effect of administering the RGD peptide one each of the four test groups studied. From the images of Fig.
hour prior to the Cy5.5&RGDf) conjugate is the reduction  6(a) it is clear that the KS1767 tumor was not visible from the
of the tumor uptake and since the,3, integrin receptor  fluorescence images at any time following the injection of the
overexpressed on KS1767 binds the RGD peptide, the phar-free Cy5.5 dye. In this case and the other cases as well, the
macokinetic analyses from dynamic imaging verify the spe- Vvisible fluorescence intensity originating from the animal gut
cific binding of the Cy5.5-KRGDf) conjugate. Second, be- is due to animals’ diet. The KS1767 tumor was clearly visible
cause the value ofr+p3 obtained from the tumor ROIs of 24 and 48 h after the administration of the Cy5(BRGDf)
animals injected with the conjugate dye alone or the conjugate peptide, as evidenced in Figgbg-6(d), and returned to base
dye 24 h following the pretreatment with the RGD peptide are line after about 168 h. At any given time, the fluorescence
statistically similar, one may speculate that the turnover of the intensity originating from the tumor was highest for the ani-
@, B3 integrin receptor expressed on the cell surface of mal that was administered the Cy5.8&&GDf) conjugate
KS1767 occurs within 24 h. Given experimental dynaimic ~ alone, Fig. @b); slightly diminished for the animal injected
vivo fluorescence data obtained subsequent to the injection ofwith the RGD peptide 24 h prior to the administration of the
the Cy5.5-¢€KRGDf) conjugate at various intervals following ~ conjugate dye, Fig. (8); and lower still for the animal that
the administration of the(KRGDf) peptide, one may be able  received the RGD pepted1 h prior to the administration of
to experimentally determine receptor turnover time. Finally, the Cy5.5-¢€KRGDf) conjugate, Fig. &). These results fur-
sincea+ B is equivalent to the sum of all the rate constants of ther substantiate the specific vivo cellular binding of the
the compartmental pharmacokinetic model, and since the Cy5.5-¢KRGDf) conjugate to KS1767.
a, B3 integrin receptors bind thelKRGDf) peptide such that
pretreatment with the(KRGDf) peptide results in the elimi- .
nation of the cellular uptake of the dye conjugate, the differ- 5 Summary and Conclusions
ence in the value o+ B between animals injected with the In the past several years, a number of targeted cancer drugs
conjugate dye alone and animals injected with the conjugate 1have shown tremendous promise and a select few have been
h after the pretreatment with the RGD peptide may indicate approved by the Food and Drug Administrati®tDA). These
the molecularly specific cellular uptake of the conjugate. Us- cancer drugs generally target and inhibit signal transduction
ing this rationale, we found the rate constant for the specific that would otherwise lead to the proliferation or antiapoptosis
cellular uptake of Cy5.5(KRGDf) to have a mean value of  of the cancer cells. The drug is often targeted to an extracel-
k.=0.16s 1. lular membrane bound receptor or to an intracellular protein
While the sum ofa and 8 can be used to provide model- critical to the signaling pathway, resulting in the interruption
dependent information about molecular binding as described of the downstream signaling cascddeerceptin®, developed
earlier, the regression values for the PK complex rate con- by Genentech, Inc. and approved by the FDA in 1998, exerts
stants,a and 8 as well as the PK pre-exponential factaks its therapeutic effects on metastatic breast cancer cells that
andB are individually presented in Fig. 5. As shown in Figs. overexpress the HER-2 recepto?.Similarly, Erbitux®, de-
5(a) and §b), the complex rate constant, is greater tharB veloped by ImClone Systems Inc., targets the extracellular
in these early time-course studies and shows significant dif- membrane-bound epidermal growth factor receptor, com-
ferences between normal and tumor tissues when Cy5.5-monly overexpressed in many types of carlceMore re-
c(KRGDYf) is administered. The differences disappear when cently, the protein-tyrosine kinase Bcr-Abl, whose elevated
Cy5.5-dKRGDf) is administerd 1 h after ¢(KRGDf) is ad- activity is strongly implicated in the mechanism of develop-
ministered as a blocking ligand, but reappear again when ad-ment of chronic myeloid leukemia, has been the molecular
ministered 24 h after(&KRGDf) is administered. The complex target of a therapeutic drdgThe drug, Gleevec®, marketed
rate constantB, does not show significant differences be- by Novartis Pharmaceutical Corporation in 2001, competi-
tween these groups in the early time courses investigatedtively binds the ATP binding site on the enzyme, and sup-
herein. Further study at longer times after administration of presses the proliferation of Ber-Abl-expressing cétis.
Cy5.5-dKRGDf) need to be conducted in order to effectively An ongoing challenge for drug discovery is the unmet need
address possible differences. The pre-exponential factors il-for (i) rapidin vivo animal screening tools in order to verify
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Fig. 5 Results of nonlinear least-squares regression for determining the PK complex rate constants (a) @ and (b) B as well as the PK pre-exponential
factors (a) A and (b) B from Eq. (13). The column height represents the mean value of the test group listed along the abscissa while the error bars
represent the standard deviation. The time in parentheses represents the time between injection for the c(KRGDf) peptide and the Cy5.5-c(KRGDf)
conjugate. Figure 5(b) is similar to Fig. 4 owing to the small values of 8.

molecular targeting and action an@) candidate patient small targeted agent can be determimedsivo relative to a
screening in phase Il and Il clinical trials in order to decrease nonspecific analog such as in the case of a conjugate contain-
their durations and to improve their efficiency. While ing a scrambled, nonspecific peptide. In addition, by assessing
diffusion-based fluorescence enhanced tomography has beeithe change in the uptake kinetics of a molecularly specific
demonstrated for clinically relevant volumEs? to date agent administered at varying times following the administra-
RTE-based tomographic algorithms valid for small animal im- tion of either a ligand that exhibits competitive binding to the
aging remains to be developed. Herein, we have shown thattarget, or a therapeutic that modulates the expression of the
before such developments, a sensitive and simple optical tech-target, important information about the rate of target replen-
nique capable of rapid collection of dynamic measurements ishment(i.e., receptor recyclingor the efficacy of therapy can
can provide information of molecular update without the need be determined. Such analysis assumes the use of “stealthy”
for tomography or quantification of tissue fluorophore con- molecular contrast agents whose resistance to transport to the
centration. Upon combining dynamic measurements and phar-tissue region of interest do not limit the uptake process. Fi-
macokinetic analysis with proper controls and competitive  nally, the analogous molecular nuclear imaging technique of
vivo ligand binding studies, the molecular specificity of any gamma scintigraphy requires several minutes for image acqui-
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Fig. 6 Raw fluorescence images (no background subtraction) ob-
tained 24 h (first column) and 48 h (second column) after the admin-
istration of (a) Cy5.5, (b) Cy5.5-c(KRGDf) conjugate alone, (c) Cy5.5-
c(KRGDf) conjugate 1 h after the injection of RGD peptide, and (d)
Cy5.5-c(KRGDf) conjugate 24 h after injection of the RGD peptide.
The white arrows indicate the location of the xenografted Kaposi’s
sarcoma tumor.

sition in comparison to the subsecond image acquisition pre-
sented herein for dynamic optical imaging. Such temporal
resolution for dynamic imaging suggests that optical imaging
may not only join nuclear imaging as another “gold standard”

of molecular imaging in medicin®, but may provide more

guantitative information to assess the dynamics of diseaseii.

marker expression.

In closing, until RTE-based tomographic algorithms are
validated for small animal imaging, information on the bio-
distribution of optical contrast agents or fluorescently tagged
molecules remain problematic and difficult. Until such a time
that small animal tomography is validated, the simple ap-
proach presented herein for assessing uptake can provide
convenient and simple manner to confirm molecular specific-
ity of the agent before biodistribution studies are undertaken.
In yet another approach to the problem, we have dual labeled

Journal of Biomedical Optics

034019-

c(KRGDf) with both an optical and nuclear tracer in order to
provide a validated means for assessing biodistribiffign.
While the dual labeled (KRGDf) represents yet a different
contrast agent targeting the same disease marker considered
herein, it provides a new approach to perform both biostribu-
tion assessment in deep tissues from nuclear emission and
pharmacokinetic information on surface tissue from optical
emissions. Clearly the ability for rapid, dynamic optical im-
aging combined with proposed small animal optical tomogra-
phy would enable the full complementary of information re-
quired for drug and contrast agent discovery without the need
for dual labeling.
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