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Four DTPA-derivatized chemotactic peptide analogs: 
ForNleLFNleYK-DTPA (P1), ForMLFNH(CH2)6NH-DTPA 
(P2), ForNleLFK(NH2)-DTPA (P3), and ForNleLFK-DTPA 
(P4), were synthesized and evaluated for in vitro bioactivity 
and receptor binding. The peptides were radiotabeled with 
1111n by transchelation and their biodistribution determined 
in rats at 5, 30, 60 and 120 min after injection. Localization 
at sites of infection was determined by scintillation camera 
imaging in animals with deep-thigh infection due to Esch- 
erichia coil. Images were recorded from 5 min to 2 hr after 
injection. All peptides maintained biologic activity (ECho for 
02- production by human PMN's: 3-150 riM) and the ability 
to bind to the oligopeptide chemoattractant receptor on 
human PMN's (ECs0 for binding: 7.5-50 nM); biologic 
activity and receptor binding were highly correlated (r = 
0.99). For all the peptides, blood clearance was rapid (half- 
lives: 21.5, 33.1, 31.6, and 28.7 min for P1, P2, P3, and 
P4, respectively). Biodistributions of the individual peptides 
were similar with low levels of accumulation in the heart, 
lung, liver, spleen, and gastrointestinal tract. In the kidney, 
P1 had much greater accumulation than other organs. All 
peptides yielded high quality images of the infection sites 
within 1 hr of injection. This study demonstrates that 11 qn- 
labeled chemotactic peptide analogs were effective agents 
for the external imaging of focal sites of infection. 
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T r e a t m e n t  of the patient with suspected infection 
requires prompt identification of the site and extent of 
the process. Imaging with gallium-67- (67Ga)-citrate (1), 
indium-l 1 l- (J'~In)-labeled white blood cells (2), or 
~ qn-labeled lgG (3,4) can localize infections, but usu- 
ally requires 12-24 hr before lesions can be visualized. 
This represents a serious deficiency in the radionuclide 

Received July 27, 1990; revision accepted Oct. 1, 1990. 
For reprints contact: Alan J. Fischman, MD, PhD, Division of Nuclear 

Medicine, Massachusetts General Hospital, Fruit St., Boston MA 02114. 

approaches, compared to ultrasound or computed to- 
mography, where lesions are usually apparent at the 
conclusion of the imaging procedure. The explanation 
for the lengthy time required for infection localization 
with 67Ga-citrate and ~ 'In-labeled IgG is related in part 
to the high molecular weight of the species taken up by 
the lesion. IgG has a molecular weight of approximately 
150 kDa. In the case of gallium, the radionuclide cir- 
culates bound to transferrin or lactoferrin (molecular 
weights -- 100 kDa) (5). While inflammatory lesions 
usually have increased vascular permeability, the dif- 
fusion barrier to molecules of this size range is still 
substantial, resulting in slow delivery of the radiophar- 
maceutical to the lesion. In addition, since blood clear- 
ance of these molecules takes place over many hours, 
background activity remains high, resulting in a low 
target-to-background ratio in the early hours after in- 
jection. The situation with J i ~In-labeled white blood 
cells is different. The radiolabeled cells require several 
hours to localize after injection because they must 
detect the chemoattractant signal before migrating to 
the site of inflammation. 

The interval between injection and lesion detection 
could be substantially reduced by the availability of a 
small molecule capable of binding to circulating gran- 
ulocytes as well as to leukocytes already present at the 
time of inflammation. Among the candidate molecules 
for this task, certain leukocyte chemattractant peptides 
looked particularly promising. The parent compound 
of this group, N-formyl-methionyl-leucyl-phenylala- 
nine (MW 437), is a bacterial product that is known to 
initiate leukocyte chemotaxis by binding to high affinity 
receptors on the white blood cell membrane (6-8). 
These receptors are present on polymorphonuclear neu- 
trophils (PMNs) and mononuclear phagocytes. As gran- 
ulocytes respond to the chemoattractant gradient, the 
affinity of the receptors decreases as additional receptors 
are expressed, until the granulocyte reaches the site of 
inflammation, where the concentration ofchemoattrac- 
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tant  is greatest (9-11). Based on this information,  we 
hypothesized that radiolabeled chemoat t ractant  pep- 
tides should localize rapidly at focal sites of  inf lamma- 

tion. 
Previous studies demonstrated that  many  synthetic 

analogs of these small, N-formyl-methionyI peptides 
bind to neutrophils and macrophages with equal or 
greater affinity compared to the native peptide (6,11, 
12). In the present work, we report the synthesis of  a 
series of  analogs of these peptides that can be readily 
labeled with ~ ~ln. These reagents were tested both in 
vitro and in vivo. The in vitro studies evaluated their 
ability to bind to neutrophil  receptors and induce the 
production of  superoxide; while the in vivo evaluation 
determined their biodistribution in healthy animals, the 
changes in peripheral white blood count  as a result of  
intravenous administrat ion of  one agent and their lo- 
calization at focal sites of  inf lammation.  

MATERIALS AND METHODS 

Materials 
N-formyi-methionyi-leucyl-phenylalanine (ForMLF), N- 

formyi-norleucyl-leucyl-phenylalanyl-norleucyl-tyrosyl-lysine 
(ForNieLPNLeYK), phorbol myristate acetate (PMA), and 
cytochalasin B were obtained from Sigma (St. Louis, MO). 
ForML[~H]F (60 Ci/mmol) was obtained from New England 
Nuclear (Boston, MA) and t~ln-chloride from Amersham 
(Arlington Heights, IL). Hanks" balanced salt solution (HBSS) 
was obtained from Gibco (Grand Island, NY). 

Peptide Synthesis and Characterization 
For-NIeLFNIeYK-DTPA (PI), and For-NIeLFK-DTPA 

(P4) were synthesized by the Merrifield solid-phase technique 
(t3) as detailed by Stewart and Young (14). Briefly, t-butylox- 
ycarbonyl (Boc) protected amino acids were added sequen- 
tially to a Lys(2-chlorobenzyloxycarbonyl) resin ester which 
was prepared from chloromethyl resin by the method of Gisin 
(15). After removal of the amino terminal Boc group, the 
peptides were formylated with formic-acetic anhydride by the 
method of Sheehan and Yang (16). The peptides were cleaved 
from the resin with anhydrous liquid hydrogen fluoride (HF) 
containing 10% p-cresol (added as a scavenger for free radicals) 
at 0*C for I hr. The crude peptides (~ 100 mg, P 1 : 0.12 mmol, 
P4:0.18 mmol) were dissolved in DMF along with diisopro- 
pylethylamine (0.24 mmol) and the mixture was added in 
small portions over 30 rain to a slurry of diethylenetriamine- 
pentaacetic acid (DTPA) dianhydride (0.36 mmol) in a small 
volume of DMF. After an additional hour of stirring, water 
was added to hydrolyze remaining anhydride. The solvent was 
removed by rotary evaporation and water was added to the 
residue. The precipitate was filtered and washed with water. 
A mixture of the monomeric and dimeric conjugate of DTPA 
was obtained, which could be separated by chromatography. 
The peptides were dissolved in 0. t0 M ammonium bicarbon- 
ate and purified by ion-exchange chromatography on a mono- 
Q FPLC column eluted with a gradient of 0.10-0.50 M 
ammonium bicarbonate, pH 8. The fractions containing the 
major product were lyophilized. 

For-MLFNH(CH:)6NH-DTPA (P2) was synthesized in a 
similar fashion on an oxime resin (17), starting with the 
coupling of Boc-Phe to the resin. After sequential addition of 
Boc-Leu and Boc-Met and formylation, the resin was treated 
with 1.5% hexanediamine in DMF for 4 hr, which cleaved 
the peptide from the resin as the hexanediamine derivative. 
The product was isolated by washing the resin with DMF and 
evaporating the DMF and precipitation with ether. The pep- 
tide was conjugated with DTPA by the procedure described 
above. The product was purified by high-performance liquid 
chromatography (HPLC) on a Whatman Partisil 10 ODS-3 
column eluted with a gradient of 30%-50% acetonitrile in 
0.1% trifluoroacetic acid (TFA). The peptide was isolated by 
stripping acetonitrile on a rotary evaporator followed by ly- 
ophilization. 

For-NIeLFK(NH2)-DTPA (P3) was similarly prepared by 
solid-phase peptide synthesis with p-methylbenzhydylamine 
resin. After reaction with DTPA anhydride, the peptide-DTPA 
conjugate was purified by preparative HPLC with an aceto- 
nitrile/0.1% FTA gradient. 

The purity of the peptides was assessed by analytical re- 
versed-phase HPLC. Mass spectra and amino acid analysis 
agreed with the expected values. 

Cell Preparation 
Human peripheral blood PMNs were isolated by sedimen- 

tation in 3% Dextran (Pharmacia, Nutley, N J) followed by 
gradient centrifugation on Lymphoprep (Organon Teknika, 
Durham, NC) as previously described (8,18). Cell preparations 
contained >95% potymorphonuclear leukocytes (PMNs) as 
assessed by light microscopy of Wright-stained specimens. 

ForML[3H]F Receptor Binding Assay 
Isolated human PMNs (obtained from healthy volunteers), 

8 x 105, were incubated in phosphate-buffered saline contain- 
ing 1.7 mM KH2PO4, 8.0 mM Na2HPO4, 0.117 M NaCI, 0.15 
mM CaCI2, 0.5 mM MgC12, and 1.0 mM PMSF pH 7.4 
(incubation buffer) at 24°C for 45 min in a total volume of 
0.15 ml in the presence and absence of the indicated concen- 
tration of derivatized peptide and 15 nM Formyl [3H]F (6, 
19). Following incubation, the cells were filtered onto glass 
fiber discs (Whatman GF/C; Whatman, Inc., Clifton, N J), 
which were then washed with 20 ml of ice cold incubation 
buffer. The filters were placed in scintillation vials with 10 mt 
of Safety-Solve (Research Products International Corp., Mr. 
Prospect, IL) and the radioactivity was measured by liquid 
scintillation spectroscopy. Specific binding is defined as total 
binding minus nonspecific binding, which is the amount of 
residual radioactivity bound in the presence of 10 t~M unla- 
beled ForMLF (19). Nonspecific binding was approximately 
10% of total binding. 

Assay of Superoxide Production 
Superoxide release by human neutrophils was assayed by 

monitoring the superoxide dismutase-inhibitable reduction of 
ferricytochrome C using an extinction coefficient of 29.5 
mmol/1/cm as previously described (20). Briefly, isolated 
human cells were incubated with HBSS alone or with increas- 
ing concentrations of the four peptide analogs, ForMLF or 
ForNleLPNIeYK ranging from t nM to 1 uM in the presence 
of t0 ~zM cytochalasin B plus or minus superoxide dismutase 

484 The Journal of Nuclear Medicine • Vol. 32 ° No. 3 ° March 1991 



(50 ug/ml) at 37"C for 10 min, after which the reduction of 
ferficytochrome C was measured spectrophotometrically. 

Indium-Ill Labeling 
The chemotactic peptide analogs were radiolabeled with 

~t~In by transchelation. Briefly, a 5-ul aliquot of a stock 
solution of peptide (1.0 mg/ml in DMSO) was diluted with 
0.5 ml of 1.0 M citrate buffer (pH 5.0) and combined with 1- 
2 mCi of t~In-C13 immediately prior to use. The mixture was 
incubated for 30 rain at room temperature, applied to a 
column of Sephadex G-10, and the peptide fraction isolated. 
The pooled fractions were passed through a 0.22-micron filter 
(Millipore Corp., Bedford, MA) prior to injection. Chemical 
purity of the labeled products were determined by HPLC as 
described above. Optical density was monitored at 280 nm 
and fractions were collected and radioactivity measured with 
a well-type gamma scintillation counter (LKB model 1282, 
Wallac Oy. Finland). 

In-Vivo Studies 
Three studies were performed in animals: 

1. To determine the effect of peptide on circulating granu- 
locytes, unlabeled peptides were administered to anes- 
thetized rats at doses planned for imaging and serial 
white cell counts were performed. 

2. To define the in-vivo distribution of the radiolabeled 
peptide analogs in healthy animals, biodistribution stud- 
ies were performed with each analog. 

3. The ability of radiolabeted peptide analogs to localize at 
focal sites of inflammation was determined from serial 
gamma camera images recorded in animals with Esche- 
richia coil infection. 

Effect of a Chemotactic Peptide Analog on Peripheral WBC 
Levels in Rats. Adult male Sprague-Dawley rats were lightly 
restrained and a baseline blood sample (0.2 mi) was drawn 
from the tail vein into heparinized syringes. The animals were 
then injected with I nmole of P1 via the tail vein. At 5, 10, 
20, and 40 rain after injection, additional blood samples were 
obtained. All blood samples were stored on ice until the 
conclusion of the experiment at which time total white counts 
were determined with a hemocytometer. 

Biodistribution. Groups of thirty uninfected rats were in- 
jected with about 10 gCi of peptide labeled with ~PJIn to 
determine the biodistribution at 5, 10, 30, 60, and 120 min 
(each peptide was evaluated in six animals at each time point). 
Samples of blood, lung, liver, spleen, kidney, muscle, and 
intestine were weighed and counted in a well-type gamma 
counter (LKB model 1282, Wallac Oy, Finland). In other 
groups of rats receiving ~mqn-P1, cells were separated from 
plasma and the amount of cell associated radioactivity was 
determined. To correct for radioactive decay and permit cal- 
culation of activity in each organ as a fraction of the admin- 
istered dose, atiquots of the injected doses were counted 
simultaneously. The results were expressed as percent injected 

dose per gram (%ID/g) (21). 
Studies in Infected Animals. A single clinical isolate of 

Escherichia coli was employed to produce focal infection. The 
bacteria were incubated overnight on trypticase soy agar plates 
at 37"C, and individual colonies were diluted with sterile 

normal saline to produce a turbid suspension containing 
approximately 2 x 10" organisms/ml. Male Sprague-Dawley 
rats, weighing approximately 200 g (Charles River Breeding 
Laboratories, Burlington, MA) were anesthetized with keta- 
mine and injected in their left posterior thigh with 0.1 ml of 
a suspension containing approximately 2 x l0 s organisms. 

Twenty-four hours after bacterial inoculation, when gross 
swelling was apparent in the thigh, one of the radiolabeled 
peptides (-0.25 mg/kg labeled with 100-150 uCi of ~ tin) was 
injected intravenously via the tail vein. The animals were 
anesthetized with ketamine and serial whole-body scintigrams 
were acquired using a large field of view scintillation camera 
equipped with a parallel-hole medium-energy collimator in- 
terfaced to a dedicated computer system (Technicare 438, 
Technicare 560, Solon, Ohio). Images were recorded for a 
preset time of 5 rain/view with a window centered to include 
both the 173 and 247 keV photopeaks of ~t~In. 

Regions of interest were drawn around the infected area, a 
similar area in the contralateral thigh, and the whole animal 
to calculate target-to-background (T/B) ratios (infected thigh/ 
contralateral thigh) and percent residual activity (%RA) (in- 
fected thigh/whole animal). At the conclusion of imaging, the 
animals were killed with ether anesthesia and autopsied to 
evaluate the infection. Cultures of the site of infection were 
obtained at this time. 

Statistical Methods 
The results of the imaging and biodistribution studies were 

evaluated by analysis of variance followed by Duncan's new 
multiple range test (22). All results are expressed as mean + 
s.e.m. 

RESULTS 

Peptide Synthesis 
All four DTPA-derivatized chemotactic peptide an- 

alogs were prepared in good yield and purity. While a 
significant amoun t  of dimer formation occurred by 
using the bicyclic anhydride of D T P A  for introducing 
the metal chelation site, the two forms were readily 
separated by ion-exchange chromatography as demon- 
strated by mass spectroscopy of the final products. 

Biologic Activity of Chemotactic Peptide Analogs 
Figure 1 shows that peptides P1, P2, and P4 produced 

superoxide with potencies similar to the underivatized 
hexapeptide, ForNieLFNleYK.  The concentrat ions of 
peptides that  produced 50% of a maximal  response 
(ECso) were 9 nM, 12 riM, 3 riM, and 15 n M  for 
ForNIeLFNIeYK, P l, P2, and P4, respectively. Peptide 
P3 was less potent  than the other peptide analogs with 
an ECso of 150 nM, which is similar to Fo rMLF (ECso 

= 60 riM). 
The efficacy of the peptides, defined as the maximal  

amount  of superoxide anion produced, was similar for 
all peptides tested and ranged between 13.3 and 16.3 
nmole 02-  produced/106 cells/10 min.  The efficacy of 
all the peptides was less than that  for phorbol myristate 
acetate (PMA), an unrelated activator of  the P M N  
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FIGURE 1 
Superoxide production by chemotactic peptide analogs. Hu- 
man PMNs were incubated with HBSS alone or the indicated 
concentration of peptide for 10 min at 37°C, after which the 
reduction of ferricytochrome was measured as described in 
the text. 

% of maximal superoxide production = E/M x 100, 

where E is the amount of superoxide produced in the presence 
of an indicated concentration of beptide and M is the maximal 
amount of O~- produced by the peptide. ForNleLFNleYK- 
DTPA: P1, ForMLFNH(CH2)eNH-DTPA: P2, ForNieLFK(NH2)- 
DTPA: P3, ForNleLFK-DTPA: P4. 

oxidative burst, which gave a maximal response of 22.9 
nmole 02- produced/106 cells/10 min at a concentra- 
tion of 0. ! uM. 

Interaction of Chemotactic Peptide Analogs with the 
N-Formyl Peptide Chemoattractant Receptor on Hu- 
man Leukocytes 

Figure 2 shows that the chemotactic peptide analogs 
compete for the binding of ForML[3H]F to intact hu- 
man PMNs with an order of potency similar to that 
noted for production of superoxide anion. The EC.~o'S 
for inhibition of ForML[3H]F binding of peptides P 1, 
P2, P4, and ForNIeLFNleYK were very similar; ranging 
from 7.5 to 10 nM. Peptide P3 was the least potent 
with an ECso of 50 nM for inhibition of ForML[3H]F 
binding and ForMLF was intermediate with an ECso of 
25 nM. Thus, the orders of potency for production of 
superoxide anion and inhibition of ForML[3H]F bind- 
ing were very similar; peptides P1, P2, and P4 were 
approximately equal to ForNIeLFNleYK and ForMLF, 
while peptide P3 was substantially less potent. Regres- 
sion analysis of the ECso for receptor binding vs the 
EC.~o for superoxide production was readily fit by a 
linear model (R = 0.995) (Fig. 3). 

Effect of a Chemotactic Peptide Analog on Periph- 
eral PMN Levels 

The time course of the effect of i.v. injection of 1.0 
nmole of P I on peripheral WBC levels in rats illustrated 
in Figure 4. Significant variation in baseline WBC levels 
between rats was observed; however, the overall effect 
of peptide injection was modest. Analysis of variance 
demonstrated a significant main effect of time after 
injection on WBC level, F4.25 = 6.18; p < 0.005. Levels 
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Effect of chemotactic peptide analogs on ForML[3H]F binding 
to human PMNs. Intact Human PMNs (8 x 10 s) were incu- 
bated with incubation buffer or the indicated concentration of 
peptide in the presence of 15 nM ForML[3H]F for 45 min at 
24°C, after which the specific ForML[3H]F binding was deter- 
mined. 

% of maximal ForML[3H]F binding = E/C x 100, 

where E is the specific CPM bound in the presence of the 
indicated concentration of unlabeled peptide and C is the 
specific CPM bound of ForML[3H]F in the presence of buffer 
alone. ForNleLFNleYK-DTPA: P1, ForMLFNH(CH2)6NH- 
DTPA: P2, ForNleLFK(NH2)-DTPA: P3, ForNleLFK-DTPA: P4. 

at 40 rain postinjection were significantly lower than at 
baseline, 5 min, and 10 min (p < 0.01), and levels at 
20 min were significantly lower than at 5 min and 10 
min (p < 0.05). 

Indium-I l l  Labeling 
Figure 5 illustrates the behavior of 1, qn-P 1 on HPLC. 

As can be seen, a single major peak was detected by 
both ultraviolet absorbance (OD28o) and radioactivity 
detection. In the radioactivity tracing, a minor peak 
representing < 5% of total radioactivity was also de- 
tected. Similar results were obtained with the other three 
~' qn-labeled peptides. 
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Regression analysis of the ECso for receptor binding versus 
ECso tor superoxide production. A linear model yielded an 
excellent fit to the data (r = 0.995, slope = 0.283, and intercept 
= 7.66), 
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FIGURE 4 
Effect of P1 on peripheral WBC levels in rats. Animals were 
injected with peptide and WBC levels determined as described 
in the text. Dotted lines indicate WBC levels in individual rats 
and the solid line indicates percent of preinjection baseline 
levels. 
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FIGURE 6 
Blood clearance of 11~ln-labeted chemotactic peptide analogs 
in uninfected rats. Data are presented as percent total activity, 
Each point is the mean _ s.e.m, for six animals. ForNle- 
LFNleYK-DTPA: P1, ForMLFNH(CH2)rNH-DTPA: P2, For- 
NIeLFK(NH2)-DTPA: P3, ForNleLFK-DTPA: P4. 

Biodistdbution 
All four DTPA-derivatized chemotactic peptide an- 

alogs showed a similar monotonic decrease in blood 
activity over time (Fig. 6). Analysis of variance dem- 
onstrated a significant main effect of time, F3.95 = 291.0; 
p < 0.0001, however, the main effect of peptide and 
the peptide by time interaction were not significant. 
Regression analysis showed that blood clearance of all 
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FIGURE 5 
HPLC of 111In-P1. The chromatogram was recorded after 
injection of a mixture of radiolabeled and unlabeled peptide. 
The upper panel corresponds to the UV absorption at 280 nm 
and the lower panel to radioactivity (CPM/fraction). The bro- 
ken line in the upper panel illustrates the gradient. 

four compounds can be described by biexponential 
functions. For all four peptides, the past component 
was extremely rapid (t,/~ < 1 min). The slow components 
were: P1; t,,. = 21.5 -_- 1.4 min (R 2 = 0.92), P2: t,,, = 
33.1 +_ 2.3 min (R: = 0.90), P3; t,,~ = 31.6 +_ 18 min 
(R 2 = 0.93), P4; t,,~ = 28.7 + 2.4 min (R= = 0.91). For 
"~In-labeled Pl, the fraction of residual blood activity 
that was cell associated increased significantly with time 
(p < 0.01); 1 min: 40.9% + 5.8%; 5 min: 41.6% _+ 
4.9%; 15 min: 45.5% _+ 3.7%: 60 min: 51.5% ___ 7.7%," 
and 90 min: 84.3% -+ 4.3%, suggesting that white cell 
binding occurred immediately after injection and did 
not dissociate significantly during the interval of obser- 

vation. 
Tissue accumulation (expressed as %ID/g) of all four 

~' 'In-labeled chemotactic peptide analogs generally de- 
creased with time (Table 1). In the heart, P2 and P3 
had greater accumulation (p < 0.01) than P4 and P3 
had greater accumulation than PI (p < 0.05). In the 
lung, P1 and P2 had greater accumulation than P4 (p 
< 0.01 and p < 0.05). In the liver: P2 > P1 > P3 > P4 
(p < 0.01). In the kidney, P1 had greater (p < 0.01) 
accumulation than P2, P3 and P4. In the spleen, P I 
and P2 had greater (p < 0.01) accumulation than P3 
and P4. In the gastrointestinal tract, P2 had greater (p 
< 0.01) accumulation than P1, P3, and P4. In muscle, 
P1 had greater (p < 0.01) accumulation than P2 and 
P4. In the testis, P1 had greater accumulation than P2, 
P3, and P4; P3 had greater accumulation than P4. 

Infection Imaging 
The animals tolerated the intravenous administration 

of the DTPA-derivatized chemotactic peptide analogs 
without apparent ill effects. All of the peptides had 
definite localization at the site of infection as early as 5 
min after injection. Figure 7A shows gamma camera 
images of groups of rats acquired 5 min, 1, 1.5, and 2 
hr after injection of 0.1 mCi of ~lln-Pl. In tt~e first 
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TABLE 1 
Biodis t r ibut ion of 111In-Labeled Chemotac t i c  Pept ide Ana logs  (%lD/g ,  mean -4- s.e.m.) 

Time 
Organ (min) P1 P2 P3 P4 

Heart 5 0.44 ___ 0.05 0.48 _ 0.04 0.48 +_ 0.04 0.45 _ 0.03 
30 0.17 _ 0.02 0.22 _ 0.008* 0.20 _+ 0.04" 0.12 _ 0.007 
60 0.06 -+ 0.006 0.08 +- 0.005 0.10 _+ 0.02 0.05 _ 0.004 

120 0.02 _ 0.003 0.05 -*- 0.005 0.05 _+ 0.00 0.03 _ 0.002 
Lung 5 1.09 _ 0.19" 1.02 _ 0.30* 0.67 ± 0.04 0.63 -+- 0.09 

30 0.31 _+ 0.03 0.32 _+ 0.03 0.33 +- 0.02 0.17 + 0.01 
60 0.14 ___ 0.01 0.14 _+ 0.02 0,18 _+ 0.03 0.08 _ 0.006 

120 0.08 _+ 0.009 0.12 + 0.04 0.10 _+ 0.01 0,05 _+ 0.003 
Liver 5 1,00 _+ 0.05* 1.20 + 0.10" 0.77 + 0.05" 0.35 _+ 0,02 

30 0,52 + 0.03* 0.63 + 0.03** 0.45 + 0.02* 0.15 +_ 0,02 
60 0.53 + 0.02* 0.48 + 0.01" 0,41 ± 0.02* 0.09 _ 0.004 

120 0.40 + 0.06* 0.47 ± 0.02" 0,41 ± 0.01" 0.08 - 0.003 
Kidney 5 9.45 + 0.51 * 3.81 _ 0.73* 5.40 _+ 0.32* 4.13 _ 0.42* 

30 23.2 ± 1.10 3.38 + 0.27 2.65 __- 0.53 2.73 +_ 0.14 
60 22.3 ± 1.03 3.49 +_ 0.68 2.55 _ 0.09 3.25 _ 0.67 

120 26.2 _+ 1.28 3.06 + 0.18 2.42 _+ 0.12 3.31 + 0.58 
Spleen 5 0.36 ___ 0.03* 0.37 _+ 0.03* 0.21 _ 0.008 0.22 ± 0.01 

30 0.25 _+ 0.04" 0.23 _ 0.02* 0.11 _+ 0.005 0.14 + 0.06 
60 0.21 +_ 0.0"$ 0.13 ± 0.01' 0.08 + 0.004 0.04 + 0.003 

120 0.15 _+ 0.02 0.16 ± 0.03 0.07 _+ 0.008 0.04 +_ 0.003 
GI tract 5 0.45 +_ 0.03 0.51 _+_ 0.17' 0.36 _+ 0.02 0.35 ± 0.02 

30 0.18 +_ 0.02 0.35 +_ 0.08* 0.20 +_ 0.02 0.22 ± 0.09 
60 0.08 +_ 0.008 0.25 ± 0.08* 0.12 _+ 0.01 0.06 + 0.006 

120 0.04 +_ 0.009 0.00 _+ 0.00 0.10 _+ 0.02 0.04 _ 0.006 
Muscle 5 0.39 ± 0.03¢ 0.31 _ 0.04 0.33 _+ 0.02 0.33 ___ 0.04 

30 0.14 _ 0,01:~ 0.11 _+ 0.01 0.13 ± 0.009 0.08 ± 0.007 
60 0.14 _ 0.06¢ 0.06 _ 0.00 0.09 _+ 0.008 0,04 ± 0.006 

120 0.02 _+ 0.003 0.05 _+ 0,00 0.03 _+ 0,003 0.02 + 0.002 
Testicle 5 0.45 + 0,02* 0.20 +_ 0.04 0.27 +_ 0.02¢1: 0,19 + 0.06 

30 0.24 _ 0.02*$ 0.14 +_ 0.02 0.17 _+ 0.02 0.11 + 0.004 
60 0,16 + 0.02* 0.08 _+ 0.006 0.07 _+ 0.004 0.04 _+ 0.004 

120 0.08 ___ 0.02 0.05 _+ 0.01 0.04 _+ 0.002 0.02 _+ 0.002 

Each point is the mean _+ s.e.m, for six animals. Heart: * p < 0.01 ; P2 and P3 vs. P4. Lung: * p < 0.01; P3 and P4 vs. P1 and P2. 
Liver: (5 min) * p < 0.01 ; P1 vs. P2 vs. P3 vs. P4, (30 min) * p < 0.01 ; P1, P2 and P3 vs. P4, ~f p < 0.01 ; P2 vs. P1, (60 min) * p < 
0.01 ; P1, P2 and P3 vs. P4, (120 min) * p < 0.01; P1, P2 and P3 vs. P4. Kidney: * p < 0,01 ; P1 vs. P2, P3, and P4. Spleen: (5 and 30 
min) * p < 0.01; P1 and P2 vs. P3 and P4, (60 min) :~ p < 0.05; P1 vs. P2, P2 vs. P4, (120 min) :~ p < 0.05; P1 and P2 vs. P3 and P4. 
Muscle: (5 min) ~ p < 0.05; P1 vs. P2, (30 min) $ p < 0.05; P1 vs. P4, (60 min) $ p < 0,05; P3 vs. P2 and P4. Testis: (5 min) * p < 
0.01 ; P1 vs. P2, P3 and P4, $ p < 0.05; P3 vs. P2, (30 min). * p < 0.01; P1 vs. P4, * p < 0.05; P1 vs. P2, (60 min) * p < 0.01; P1 vs. 
P3 and P4, * p < 0.05; P1 vs. P2. 

image, there was a slight suggestion of lesion localiza- 
tion. Accumulation of radionuclide (target-to-back- 
ground ratio) was maximal at 1 hr after injection and 
decreased in the later images. In addition to the lesion, 
radionuclide also accumulated in the kidneys. There 
was no evidence of significant radionuclide accumula- 
tion in the liver, spleen, bone or gastrointestinal tract. 
To evaluate the effect of increased permeability of 
infected tissue on peptide accumulation, ~qn-P1 and 
"~mTc-DTPA (a marker of extracellular space) were co- 
injected in another group of animals and simultaneous 
images were acquired (data not shown). In these exper- 
iments, the images acquired in the 99"Tc window were 
of lower intensity and decreased in intensity more rap- 
idly than those acquired in the ~J~In window (upper 
peak). Figure 7B shows gamma camera images of 

groups of rats acquired at 5, 15, 30, and 60 min after 
injection of 0.1 mCi of ~l~In-P4. With this peptide, 
maximal radionuclide accumulation was detected in 
the 30-min image and there was a slight decrease in 
image quality in the later images. The extra-lesion 
distribution of radionuclide in these images was similar 
to that observed with ~ ~In-P1. Similar patterns of nor- 
mal organ and lesion accumulation of radioactivity was 
seen with the other two peptides. 

T/B ratios and %RA as a function of time after 
injection for the different peptides are shown in Figure 
8. Analysis of variance of the T/B data showed a 
significant main effect of time after injection, F3.75 = 
74.51; p < 0.0001. At 15 and 30 min, T/B was greater 
than at 5 min but less than at 60 min (p < 0.01). The 
individual peptides did not show statistically significant 
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FIGURE 7 
Serial gamma camera images of rats with E. coil deep-thigh 
infections, after injection of 111In-labeled chemotactic peptide 
analogs. (A) Images of groups of rats acquired 5 min, 1, 1.5, 
and 2 hr after injection of 0.1 mCi of 1"In-P1. (B) Images of 
groups of rats acquired at 5, 15, 30, and 60 rain after injection 
of 0.1 mCi of l~11n-P4. At 15 min, only two animals were 
imaged. For all animals, infections were produced 24 hr prior 
to injection, 

differences in T/B ratio (p > 0.1). Also, peptide by time 
interaction was not significant (p > 0.5). For %RA, 
analysis of variance showed a significant main effect of 
time after injection, F3.75 -- 3.47; p < 0.005. At 60 min, 
%RA was significantly lower than at 5, 15, or 30 min. 
The individual peptides did not show statistically sig- 
nificant differences in %RA (p > 0.2). Also, peptide by 
time interaction was not significant (p > 0.99). 

DISCUSSION 

The results of this study demonstrate that t t~in_la- 
beled chemotactic peptide analogs are effective agents 
for the external imaging of focal sites of infection in an 
experimental model of deep-thigh infection. Since the 
first report of the chemoattractant properties of small 
N-formyl peptides (7), these compounds have attracted 
increasing attention (23). Numerous structure-activity 
studies directed at determining the particular features 
of this molecule that are responsible for its many dif- 
ferent biologic activities have been performed (6,24- 
26). Most of these studies have concentrated on amino 
acid substitutions in the ForMLF sequence. There have, 
however, been some reports of the synthesis and biolo- 
gic activity of extended peptides (27). In fact, one of 
the most potent analogs reported is the hexapeptide, 
ForNIeLFNleYK. In general, the results of the struc- 
ture-activity studies have established that while modi- 
fication of the N-terminous has profound effects on 
biologic activity, C-terminal changes have minimal ef- 
fects (28). To date, there have been no studies on the 
effect of net charge on bioactivity. 

In the present study, we prepared a series of chemo- 
tactic peptides with the C-terminus extended with a 
DTPA-derivatized Lys, Lys(NH2), or a diamino group. 
These modifications result in molecules of net charges 
- 4  to -5 ,  and compared to -1  for ForMLF. The 
synthetic peptides were of high chemical purity, were 
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T/B ratio and % RA of sites of infection in rats with E. coli 
deep-thigh infections imaged at 5, 15, 30, and 60 min after 
injection of 1111n labeled chemotactic peptide analogs. In all 
cases, infections were established 24 hr prior to injection. 
Each point is the mean +_ s.e.m, for 5-6 animals. *p < 0.05, 
**p < 0.01. ForNleLFNleYK-DTPA: P1, ForMLFNH(CH2)rNH- 
DTPA: P2, ForNleLFK(NH2)-DTPA: P3, ForNleLFK-DTPA: P4. 

readily labeled with J"ln (Fig. 5), maintained biologic 
activity (Fig. I ), and had affinities for the oligopeptide 
chemoattractant receptors on human neutrophil that 
were similar to or greater than the native tripeptide 
(Fig. 2). In addition, as has been previously reported 
for other chemotactic peptide analogs (6,8), the biologic 
activity of these molecules was closely correlated with 
receptor binding (Fig. 3). The high affinity of these 
peptides is consistent with the previously proposed con- 
formation for the ligand receptor complex in which 
only the N-terminal amino acid residues of the peptide 
interact with the receptor (29). 

In addition to having high affinity for WBC receptors 
in vitro, this activity appears to persist in vivo as dem- 
onstrated by the cell association of the radiolabel and 
the images of infection in the rat. While these results 
suggest that the mechanism of infection localization 
may be due to binding to phagocytes, this has not as 
yet been conclusively proven. The rapid localization 
(within 1 hr) of radiolabeled chemotactic peptide ana- 
logs at sites of experimental infection has clear advan- 
tages over other radionuclide methods for infection 
localization. Gallium-67-citrate, ~j qn-labeled WBCs, 
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and j j Jln-labeled IgG typically require more than 6 hr 
between injection and imaging and are thus not useful 
for evaluating acute processes such as appendicitis for 
which there is currently no effective imaging procedure. 
In addition, the observation that the peptide-based im- 
aging agents have much lower levels of accumulation 
in background organs (except for the kidney) than the 
other agents adds to their potential superiority. Another 
advantage of the radiolabeled peptides is an early de- 
crease in image intensity. This property makes the 
agents potentially useful for monitoring response to 
therapy, since, repetitive injections and imaging should 
not be confounded by residual activity from earlier 
studies. The mechanism for the rapid clearance of 
activity from lesion sites has not as yet been investi- 
gated. However in vitro studies with ~-"~l-labeled che- 
motactic peptide analogs, have demonstrated that pep- 
tide-receptor complexes are internalized and degraded 
by PMNs with release of the radiolabel (11). It is 
unlikely that this can explain the rapid decrease in 
lesion radioactivity after injection of ~j ~In-labeled pep- 
tides, since previous studies have shown that following 
internalization of ~ ~In-labeled proteins the label is re- 
tained in the cell. 

Other investigators have explored the possibility of 
using radiolabeled chemotactic peptides for leukocyte 
labeling (30-32) .  Unfortunately, the radiolabeling 
methods available at the time of these studies yielded 
agents of relatively low specific activity and required 
pharmacologic amounts of peptide for imaging. These 
doses of peptide were shown to produce profound tran- 
sient neutropenia in rabbits (33).  Similar doses of the 
synthetic peptides evaluated in the current study also 
produced neutropenia in rabbits (data not shown). The 
implications of this neutropenia in rabbits for human 
imaging is not clear, however, since peripheral white 
counts decreased minimally in rats (Fig. 4). While phar- 
macologic doses of peptide were used in the imaging 
studies reported here, we have recently demonstrated 
that 10-fold lower amounts ofpeptide can be labeled to 
the same level of radioactivity with ~ qn. In addition, 
because of the short biologic half-time of the peptides, 
~ ~In is not the radionuclide of choice for imaging. If 
the compounds can be labeled with 99mTc, even higher 
specific activities should be obtainable. Also ~C, 6SGa, 
or ~F-labeling of the peptides should be feasible, mak- 
ing possible the use of such reagents for positron emis- 
sion tomography. Currently, these alternate labeling 
techniques are under investigation in our laboratory. 
Regardless of the radiolabel that ultimately proves to 
be optimal for radionuclide imaging with chemotactic 
peptide analogs, it is clear that additional studies in 
other species (including primates) will be required be- 
fore the agents can be evaluated in human subjects. 

In conclusion, the results of this study establish that 
radiolabeled chemotactic peptide analogs are effective 

agents for imaging focal sites of  infection. The potential 
advantages of these molecules over currently available 
methods of localizing lesions are numerous and clearly 
justify further investigation. 
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EDITORIAL 
Chemotactic Peptides: New Locomotion for Imaging of 
Infection? 

pproximately one year ago, 
Fischman, Khaw, and 
Strauss expressed their dis- 

appointment about the relatively 
slow progress with radioimmune 
imaging in neoplasia, while success 
in non-neoplastic areas had been 
very encouraging (1). Among other 
molecules, which do not directly in- 
volve the immune response, leuko- 
cyte-attractant peptides, which were 
originally derived from bacteria, 
were proposed as agents for imaging 
the cells to which they bind. The 
authors noted three potential ad- 
vantages of this type of molecule 
over antibodies: smaller size and 
hence better diffusibility to the ex- 
travascular space; faster blood clear- 
ance resulting in low background 
activity; and the presence of  well- 
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defined receptor systems on known 
populations of tissue cells. Further- 
more, analogs of these peptides can 
be synthesized and, by varying the 
size, charge, and other properties, a 
radiopharmaceutical with optimal 
imaging characteristics can be se- 
lected. 

In this issue, Fischman et al. (2) 
report their study using such labeled 
chemotactic peptide analogs to im- 
age focal sites of infection. The 
study was performed in rats with a 
deep-thigh infection caused by 
Escherichia coli. Four different an- 
alogs were synthesized, coupled to 
diethytenetriaminepentaacetic acid 
(DTPA) and labeled with indium- 
I i I  ( "qn) .  The parent compound 
of the molecules, N-formyl-methio- 
nyl-leucyl-phenylalanine (N-for- 
myl-Met-Leu-Phe) has a molecular 
weight of 437. Five minutes after 
injection in rats, definite localiza- 
tion of the ~ ']In-labeled DTPA-de- 
rivatized chemotactic peptide ana- 

logs was present at the site of infec- 
tion, thus showing rapid diffusion 
to the extravascular space. To eval- 
uate the effect of increased permea- 
bility of infected tissue on peptide 
accumulation, a group of animals 
was co-injected with 99mTc-DTPA 
and '~ ~In-labeled DTPA-derivatized 
chemotactic peptide analogs. The 
authors reported that the images ac- 
quired in the 99mTc-window were of 
lower intensity and decreased in in- 
tensity more rapidly than those ac- 
quired in the l)qn-window using the 
upper peak only. One might wonder 
whether this is a fair comparison 
since both compounds differ signif- 
icantly in molecular size, radiolabel, 
charge, renal handling, and other 
characteristics that are known to in- 
fluence local accumulation and 
wash-out in regions with increased 
permeability such as infected tissue. 
To better understand the impact of  
molecular size and other properties, 
further experiments are needed. 
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