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Abstract

High precision in vivo PET/CT imaging of solid tumors
improves diagnostic credibility and clinical outcome of
patients. An epitope of the oligomerization domain of
Hsp70 is exclusively exposed on the membrane of a large
variety of tumor types, but not on normal cells, and thus
provides a universal tumor-specific target. Here we devel-
oped a novel PET tracer TPP-PEG24-DFO[89Zr] based on
the tumor cell–penetrating peptide probe TPP, which
specifically recognizes membrane Hsp70 (mHsp70) on
tumor cells. The implemented PEG24 moiety supported
tracer stability and improved biodistribution characteris-
tics in vivo. The Kd of the tracer ranged in the low
nanomolar range (18.9 � 11.3 nmol/L). Fluorescein
isothiocyanate (FITC)-labeled derivatives TPP-[FITC] and
TPP-PEG24-[FITC] revealed comparable and specific bind-
ing to mHsp70-positive 4T1, 4T1þ, a derivative of the 4T1
cell line sorted for high Hsp70 expression, and CT26
tumor cells, but not to mHsp70-negative normal
fibroblasts. The rapid internalization kinetics of mHsp70
into the cytosol and the favorable biodistribution of

the peptide-based tracer TPP-PEG24-DFO[89Zr] in vivo
enabled a tumor-specific accumulation with a high
tumor-to-background contrast and renal body clearance.
The tumor-specific enrichment of the tracer in 4T1þ (6.2 �
1.1%ID/g), 4T1 (4.3 � 0.7%ID/g), and CT26 (2.6 �
0.6%ID/g) mouse tumors with very high, high, and inter-
mediate mHsp70 densities, respectively, reflected
mHsp70 expression profiles of the different tumor types,
whereas benign mHsp70-negative fibroblastic hyperplasia
showed no tracer accumulation (0.2 � 0.03%ID/g). The
ability of our chemically optimized peptide-based tracer
TPP-PEG24-DFO[89Zr] to detect mHsp70 in vivo suggests
its broad applicability in targeting and imaging with high
specificity for any tumor type that exhibits surface expres-
sion of Hsp70.

Significance: A novel peptide-based PET tracer against the
oligomerization domain of Hsp70 has potential for universal
tumor-specific imaging in vivo across many tumor type.
Cancer Res; 78(21); 6268–81. �2018 AACR.

Introduction
The search for suitable PET tracers for tumor-specific detection

has always been a research area in molecular imaging. Diagnostic
tumor tracers for specific detection of tumors in early stages and
monitoring of therapy responses can improve clinical outcome.
Clinically applied tracers frequently address metabolic tumor
features (e.g., FDG-based tracers; ref. 1) or target molecules that
are overexpressed in tumor cells, but are also displayed on the
plasma membrane of normal cells. Consequently, these tracers
show suboptimal tumor specificity and false positive signals in
nonneoplastic tissues (2). Therefore, novel imaging approaches
focus on tracers targeting epitopes that are exclusively present on
tumor cells. In addition to cancer-related mutational epitopes,
de novo membrane-bound, tumor targets provide attractive can-
didates for tumor-specific in vivo imaging (3). The membrane-
bound form of the major stress-inducible 72 kDa heat shock
protein 70 (Hsp70, Hsp70-1, HspA1A; #3303) represents such a
tumor-specific target (4). As an important player in the network of
other chaperones and cochaperones (5), including Hsp40,
Hsp90, HiP, and HoP, Hsp70 is a key player in proteome homeo-
stasis ofmammalian cells (6). Hsp70 is expressed in the cytosol of
all nucleated cells where it fulfils a variety of chaperoning
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functions, such as folding and assembly of nascent polypeptides,
refolding of denatured proteins, as well as regulation of protein
transport across membranes. Hsp70-mediated processes require
anATP-dependent transient association of their substrate-binding
domain with lipophilic domains of denatured proteins (7).
Oligomerization of human Hsp70 is regulated by a domain
(aa385–540) within the C-terminal substrate-binding domain
(aa382–641; ref. 5). The majority of human tumors of different
entities is characterized by a constitutive overexpressionofHsp70,
which supports tumor progression, survival, metastatic spread
(8–10), and resistance to therapy (11). In a multicenter clinical
trial, we could demonstrate that high intracellular Hsp70 levels at
diagnosis predict poor overall survival in patients with squamous
cell carcinomas (12). Importantly, we andothers could show that,
apart from its cytosolic localization, Hsp70 is also present on
the plasma membrane of a large variety of different tumor
types, but not on normal cells (13–21), and thereby serves as a
tumor-specific target. Preclinical therapeutic approaches using
cmHsp70.1 mAb for targeting mHsp70 on tumor cells revealed
an ample tumor-specific binding in vivo, that results in a potent
activation of the hosts' antibody-dependent cellular antitumor
immune response (21). However, due to the large size (150 kDa)
and the immunogenic potential, antibody-based PET probes
exhibit certain limitations for imaging purposes including unfa-
vorable biodistribution kinetics caused by long blood circulation
times and slow tumor uptake (22), high accumulation in the liver,
which increases the risk of hepatoradiotoxicity, and Fc receptor–
based off-target effects (23–25). For in vivo imaging applications,
smaller molecules, such as peptides, show numerous advantages
over antibodies including short circulation periods, fast body
clearance, favorable biodistribution, improved ingress into
solid tumors, and highly efficient tumor cell penetration capa-
bilities (26).

The 14-mer peptide TPP that mimics properties of the oligo-
merization domain of Hsp70 enables a tumor-specific targeting
via mHsp70. As mHsp70 follows a rapid turnover circuit through
the endolysosomal pathway (27), TPP peptide subsequently
accumulates inside viable, metabolically active, mHsp70-positive
tumor cells (28, 29). This tumor-specific uptake increases protec-
tion from target clearance and thereby results in a high tumor-to-
background ratio, in vivo. The tumor specificity of TPP peptide
was proven in various, murine syngeneic and human xenograft,
endogenous pancreatic ductal adenocarcinoma (PDAC), and
spontaneous colitis-induced colon tumor models (29). As a
naturally occurring breakdown product of Hsp70, TPP shows
an excellent safety and tolerability profile (29), which enables
repeated administrations of the tracer. Herein, tumor-specific
TPP peptide was applied for the first time as a PET tracer for
in vivo targeting of mammary and colon tumors in immunocom-
petent mice.

For in vivo PET imaging of tumors, the kinetics of tumor
enrichment and biodistribution of a tracer is dependent on both,
biochemical characteristics (likemolecular size, immunogenicity,
binding specificity and affinity, or lipophilicity), as well as on
the biological features of the target epitope (among others,
membrane density of the epitope, cellular internalization char-
acteristics, intracellular processing of the tracer–target complex).
Herein, we characterize a peptide (TPP)-based, 3.5 kDa PET tracer,
with a Kd of 18.9 nmol/L and a logP value of �3.60 � 0.2 (TPP-
PEG24-DFO[89Zr]). Tumor-specific binding to mHsp70, which is
displayed specifically on tumor cells, is mediated by mimicking

features of the oligomerization domain of Hsp70. Membrane-
bound Hsp70 is characterized by a rapid, endolysosomal inter-
nalization pathway, leading to a continuous intercellular accu-
mulation of the tracer over time, in vitro and in vivo. In vivo
biodistribution and tumor-specific enrichment of TPP-peptide
based tracers in epifluorescence- and PET applications
revealed both, tumor-specific enrichment and an optimal
tumor-to-background contrast, 24hours after intravenous admin-
istration. With a half-life of 78.4 hours and Ebþmax of 0.9 MeV,
Zirconium-89 (89Zr) emits a suitable PET signal at this time-point
(30). In addition, themaximumenergy emitted by 89Zr (902KeV)
implies that the travel distance of an emitted positron in tissue is
relatively short before annihilating. This enables high-resolution
images for small target structures like early-stage tumors and
metastases. Other positron emitters that are potentially useful
for labeling of peptide-based probes, for example, Iodine-124
(124I; t1/2¼ 4.2d, Ebþmax 1,532MeV) or Copper-64 (64Cu; t1/2¼
12.7 h, Ebþmax 0.653 MeV), have not been investigated due to the
high emitted energy, which can result in a reduced resolution of
thePET images. In addition, due to an in vivodeiodination effect of
124I during uptake of the tracer and due to the short half-life of
64Cu,which is notmatching the distribution kinetics of theHsp70
targeting peptide-based tracer, we have chosen89Zr, but not124I or
64Cu as a radio-emitting isotope.

Chemical properties such as stability, solubility, and biodis-
tribution kinetics of the 89Zr-radiolabeled tracer were optimized
by introducing a 24-mer PEG chain to the binding-active TPP
moiety, which finally results in TPP-PEG24-DFO[89Zr], according
to a method that was described for adjusting in vivo biodistribu-
tion characteristics (31). Previously, we reported on the applica-
tion of anHsp70-targeting,mouse IgG1mAb for immunotherapy
(21) and fluorescence-based imaging (32). In this study, the
biodistribution of the monospecific, bivalent binding mAb
cmHsp70.1 (Kd ¼ 5.4 nmol/L) equipped with 89Zr by a DFO
chelator, was tested. Because of the different sizes of the antibody
(150 kDa) and peptide-based Hsp70-targeting tracer (3.5 kDa)
with different in vivo distribution kinetics, comparability of the
biodistribution was approached on the basis of an equal extrav-
asation of the compounds from the vascular system into organs to
minimize effects of freely circulating tracers on organ enrichment.

Materials and Methods
Synthesis and radiolabeling of Hsp70-reactive tracers

[FITC]-TKDNNLLGRFELSG-acid (TPP-[FITC]) peptide was
purchased from Cambridge Research Biochemicals (UK) at a
purity >97%. TPP-PEG24-DFO, TPP-PEG24-DFO[natZr], consist-
ing of 90,92,94Zr, TPP-PEG24-DFO[89Zr], TPP-PEG24-[FITC],
TPP-PEG24-DFO[89Zr] and cmHsp70.1-DFO[89Zr] were synthe-
tized as described in the Supplementary Material. The in vivo
mHsp70 targeting mAb cmHsp70.1 (21) was used as the in vitro
gold standard for staining of mHsp70 tumor cells and for biodis-
tribution studies. Supplementary Figure S1A–S1C provides a
schematic representation of the synthesis of TPP-DFO,
TPP-PEG24-DFO, and TPP-PEG24-[FITC].

Kd measurements by microscale thermophoresis
Binding affinities of TPP peptide tracers to Hsp70 were mea-

sured by microscale thermophoresis (MST) analysis (33, 34). For
MST measurements, 89Zr was replaced by a nonradioactive
natural isotope (natZr). Gradual thermophoretic changes of

Hsp70 Peptide–Based Tumor-Specific PET/CT Imaging

www.aacrjournals.org Cancer Res; 78(21) November 1, 2018 6269

on November 1, 2018. © 2018 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst September 18, 2018; DOI: 10.1158/0008-5472.CAN-18-0707 

http://cancerres.aacrjournals.org/


TPP-PEG24-DFO[natZr] in a concentration range of 0.061 to 2,000
nmol/L was tested against a constant concentration of FITC-
labeled recombinant Hsp70 protein (100 nmol/L; Enzo Life
Sciences) in a temperature range of 20�C to 22�C using the
Monolith NT (NanoTemper). The samples were incubated for
10 minutes before loading into the MST glass capillaries. As a
control, a scrambled 14-mer control peptide was tested in the
same molar concentration range like TPP-PEG24-DFO[natZr].

IC50 measurement via competition cell binding assay
The IC50 of the TPP-PEG24-DFO[89Zr] tracer was measured as

reported previously (35). Briefly, 2 � 105 4T1 and CT26 cells,
incubated with 30 nmol/L TPP-PEG24-DFO[89Zr] (18.5 kBq)/1%
BSA in PBS were treated with TPP-PEG24-DFO[natZr] in a con-
centration range of 0 to 5,000 nmol/L at 0�C for 2 hours. After
centrifugation, the pellet was washed in ice-cold PBS/1% BSA.
Thereafter, the activity of the pellet and supernatant fraction was
counted in a gamma-counter (Wizard Gamma Counter, Perkin-
Elmer). The IC50 value was calculated via nonlinear regression
analysis using the GraphPad Prism software (GraphPad
Software).

Protein binding assay
To evaluate binding of TPP-PEG24-DFO[89Zr] to serum

proteins, 1,110 kBq of the tracer were incubated in 500 mL of
human serum for 24 hours at 37�C. Following incubation, 30 mL
of the solution was eluted via size-exclusion (MicroSpin G-50
column, GE Healthcare). The activity in the eluate corresponds
to bound tracer and the activity in the column corresponds to
free tracer.

Cell culture
4T1 mouse mammary (ATCC CRL-2539) and CT26 mouse

colon adenocarcinoma cells (CT26.WT; ATCCCRL-2638, authen-
tication not applicable for mouse cell lines) were cultured in
RPMI1640 medium supplemented with 5% FCS at 37�C under
5% CO2 in a humidified atmosphere. The Hsp70-overexpressing
tumor subline 4T1þ was generated by subcloning of 4T1 tumor
cells with a high mHsp70 expression. The 4T1 Hsp70�/� tumor
cells were generated by CRISPR/Cas9-mediated knockout of the
closely homologous genes Hspa1a and Hspa1b, followed by sub-
cloning of the Hsp70�/� cells through limiting dilution assays, as
described previously (28). Briefly, two guide sequences targeting
the coding sequence (cds) of both genes were cloned into a pX462
vector and the transfected 4T1 cells were subjected to a puromycin
selection. Cloneswere generated by limiting dilution titration and
tested for knockout of Hspa1a andHspa1b expression byWestern
blot analysis and flow cytometry. Cells were cultivated using 5%
FCS/RPMI-basedmedium under standard conditions. Tumor cell
lines were routinely monitored forMycoplasma (MycoAlert Myco-
plasma Detection Kit, Lonza), and onlyMycoplasma-negative cells
were taken for experiments. Murine primary skin fibroblasts were
isolated postmortem from the dermis of Balb/c mouse following
enzymatic digestion, as described in the Supplementary Material.
All cell lines were used for experiments in the exponential
growth phase.

Assessment of membrane Hsp70 and cellular internalization
kinetics

The targeting capacity of the tested compounds and mHsp70
expression density on tumor cells and fibroblasts were assessed by

flow cytometry following incubation of the FITC-labeled peptides
TPP and TPP-PEG24 at 0�C. Flow cytometric measurement of the
internalization ofmHsp70-targeting probes was assessed at 37�C,
as described previously (28). Briefly, after incubation of the cells
for 0.5, 5, 10, 15, 30, 60, 120, and 180 minutes at 37�C, uptake
was measured on a FACSCalibur instrument (BD Biosciences).
Data were analyzed using CellQuest Pro software. Only propi-
dium iodide (PI)-negative, viable cells were gated and analyzed.
Internalization of the radiolabeled tracer was evaluated 10, 20,
30, 40, 50, 60, 90, and 120 minutes after incubation. Cells
(4 � 106/mL) were incubated with the tracer at a working
concentration of 4 � 10�8 mol/L (3 � 105 cpm/well) for one
hour at 0�C. After washing, cells were resuspended in growth
medium and incubated at 37�C. Then, cells were washed twice in
acidic buffer (0.05mol/LNaOAc and 0.15mol/LNaCl at pH2) to
detach tracer that resides in the cell membrane. The final pellet
was incubated with 1 mol/L NaOH (1% Triton X-100) for 3
minutes to extract the internalized pellet. The activity was mea-
sured in a gamma-counter.

Partition coefficient test
The partition coefficient of TPP-PEG24-DFO[89Zr] was deter-

mined by measuring the distribution of the radioactivity associ-
ated to the tracer, in equal volumes of 1-octanol and 0.01 mol/L
PBS. Briefly, 0.5 MBq of the radiolabeled compound was loaded
into an Eppendorf tube containing 500 mL of PBS and 500 mL of
1-octanol (Merck). After vigorous mixing for 3 minutes at room
temperature, samples were centrifuged at 15,000 rpm for 1
minutes to ensure complete separation of the solvents. Then,
100-mL aliquots of each layer were withdrawn and pipetted into
separate test tubes. The samples were then counted in a gamma-
counter and the log P calculated as counts in octanol/counts
in PBS solution. Four independent experiments were performed
in triplicates.

Syngeneic tumor and fibroblast hyperplasia mouse models
4T1 and 4T1þ mHsp70-overexpressing mammary carcinoma

cells (5 � 105), CT26 colon adenocarcinoma cells (1 � 106), and
4T1 Hsp70�/� cells (1� 106) were injected subcutaneously (s.c.)
into the neck area of 8- to 10-week-old female Balb/c mice. To
generate benign fibroblast hyperplasia viable, syngeneic primary
fibroblasts (1 � 107) were implanted subcutaneously into the
neck area of Balb/cmice. Tracerswere injected intravenouslywhen
tumors reached a size of 0.2–0.7 cm3, as determined by ultrasonic
measurements (Logiq-5, GE Healthcare). All animal experiments
were approved by the District Government of Upper Bavaria and
by the District Government of Pavlov First Saint Petersburg State
Medical University (St. Petersburg, Russia) and performed in
accordance with the German animal welfare and ethical guide-
lines of the Klinikum rechts der Isar, TU Munich (Munich,
Germany).

In vivo PET/CT imaging
Mice bearingmHsp70-positive 4T1 (n¼ 11), 4T1þ (n¼ 3), and

CT6 (n ¼ 8) tumors or mHsp70-negative, benign skin fibroblast
hyperplasia (n ¼ 3) were anesthetized in an atmosphere of 1.5%
isoflurane. 4.44MBq of TPP-PEG24-DFO[89Zr] tracer was injected
into the tail vein. Mice were imaged after circulation times of 1, 3,
6, 9, 16, and 24 hours, using an Inveon Docked PET/CT scanner
for Small Animal (Siemens). For evaluation of the size depen-
dency of Hsp70-targeting compounds on the biodistribution sc
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4T1 tumor–bearingmice (n¼ 5)were injected intravenously with
2.92 MBq of cmHsp70.1-DFO[89Zr], an 150-kDa anti-Hsp70
mouse IgG1 antibody, which was previously evaluated for pre-
clinical in vivo tumor-targeting applications. To improve the
comparability of the biodistribution of large (150 kDa;
cmHsp70.1-DFO[89Zr]) and small (3.5 kDa; TPP-PEG24-
DFO[89Zr], circulation time: 24 hours) compounds, the falsifying
effects of differently high concentrations of free tracer in the blood
was minimized by choosing a circulation time of 72 hours for
cmHsp70.1-DFO[89Zr]. At this time-point, the blood-to-normal
tissue ratio of the two compared tracers equalized. For calculation
of the ratio, muscle was taken as representative of normal tissue.
Anesthetized mice were positioned in the field of view (FOV) of
the PET/CT scanner and underwent dynamic acquisition for 90
minutes and static PET/CT acquisition for 20 minutes. Time–
activity curves of heart, liver, kidney, muscle, and tumors were
generated by dynamic acquisition. Mice were monitored for
breathing throughout thewhole procedure andbody temperature
was maintained by heating pads. Images were reconstructed by
3D ordered subset expectation maximum algorithm (OSEM3D/
MAP).Data are normalized and corrected for randoms, dead time,
and decay with no correction for attenuation or scatter. The CT
acquisition consisted of 120 projections acquired with exposure
time of 200 ms, X-ray voltage of 80 kVp and anode current of
500 mA for 220� rotation. CT images were reconstructed using a
modified Feldkamp algorithm.

Biodistribution analysis
After the PET/CT imaging, the animals were sacrificed and

blood, tumor, and organs were taken, weighted, and counted in
a gamma-counter for ex vivo radioactivity accumulation measure-
ments. The results were normalized to standards. Radioactivity
accumulationwas calculated as percentage of the injecteddose per
gram of tissue (%ID/g). PET image–derived tracer uptake was
quantified as%ID/g (1 cc¼ 1 g) in regions of interest (ROI) on the
basis of CT images that were transferred to PET images. In vivo and
ex vivouptakedatawere compared for correlation analysis. Activity
was quantified by measuring the samples for 1 minute in a
gamma-counter, within an energy window of 800 to 1,000 keV
for 89Zr (909 keV emission).

In vivo stability analysis of TPP-PEG24-DFO[89Zr]
In vivo chemical stability of TPP-PEG24-DFO[89Zr] was evalu-

ated in subcutaneous tumor–bearing mice at circulation times of
1, 3, 6, and 24 hours after intravenous injection of 3.0–4.0MBqof
the tracer. At each time point, mice were sacrificed and samples
were taken from blood, liver, kidneys, and tumors. Urine was
filtrated (Amicon Ultra, 30 kDa molecular weight cut-off, Merck
KGaA). Clotted blood was centrifuged (5 minutes, 11,500 rpm),
the plasma separated from the pellet, and both fractions were
measured in a gamma-counter. Organs were frozen in liquid
nitrogen and homogenized using a Mikro Dismembrator II ball
mill (B. Braun, Melsungen, Germany). Homogenates were
washed twice in 500 mL and 400 mL PBS, respectively, for 5
minutes at 11,500 rpm, supernatants of both centrifugation steps
were combined, and the radioactivity of the supernatant and
pellet fractions were measured separately in a gamma-counter to
determine the extraction efficacy. The supernatant was filtrated
(Amicon Ultra centrifugal filters), and analyzed by radio-HPLC
and radio-TLC, as described in the Supplementary Material
section.

Near-infrared fluorescence imaging
For fluorescence imaging experiments, Cy5.5-labeled TPP pep-

tide and DyLight750 (DL750)-conjugated scrambled control
peptide CP (OEM manufactured by Thermo Fisher Scientific)
were injected intravenously in tumor-bearing mice. Twenty-four
hours after administration of 100 mg of the compounds, which
equals to 45 nmol/L per animal, fluorescence images were
acquired by sequentially illuminating the specimens with 670
nmand740 nmdiode lasers and guiding the emitted fluorescence
through appropriate emission filters. For capturing of the signals,
a back illuminated EM-CCD camera (iXonDU888)was used. The
fluorescence-imaging procedurewas describedpreviously inmore
detail (29).

Histology and light sheet ultramicroscopy
IHC stainings of Hsp70, CD31-positive vascular endothelial

cells, F4/80-positive murine macrophages were performed as
described previously (21). Briefly, 5-mm tissue sections were
obtained from tumors used for PET imaging and biodistribution
studies. Antigen retrieval (pH 6) was followed by incubation with
primary antibodies and consecutively with horseradish peroxi-
dase–conjugated secondarymAb (DAKO, Agilent) and visualized
with 3,30-diamino-benzidine. IHC of Ki67 (Abcam)-positive,
proliferating cells has been performed accordingly. Macrophages
and vesselswere quantified at representative ROI of three different
tumor sections and normalized to mm2. Standard hematoxylin
and eosin (H&E) stainingwas used for conventionalmorphologic
evaluation. To evaluate the vascular density throughout thewhole
tumor, ultramicroscopic analysis of cleared tissues was performed
after injection of AlexaFluor 750–labeled lectin (Lectin-AF750).
Briefly, 1 mmol/L of Lectin-AF750 was injected intravenously,
15 minutes prior sacrificing. Excised tissue was fixated in Paxgene
Tissue Fix (PreAnalytix), cleared following the iDISCO method
(36) and imagedby light sheet ultramicroscopy (LaVisionBiotec).

Statistical analysis
Statistical analysis was performed using Student t test for

unpaired data. Two-sided significance levels of the comparison
between two groupswere calculated and ���,P<0.001; ��,P<0.01
and �, P < 0.05 values were considered as statistically significant.

Results
Molecular characterization of TPP derivatives and
cmHsp70.1-DFO[89Zr]

The tumor cell–penetrating peptide (TPP) comprises the amino
acid sequence aa450–463 (TKDNNLLGRFELSG; TPP) of the
C-terminal localized oligomerization domain of Hsp70 that is
exposed on the plasma membrane of tumor cells. Herein, the
novel radiolabeled tumor-specific TPP-PEG24-DFO[89Zr] PET
tracer, consisting of the TPP peptide sequence for tumor cell–
specific binding, a PEG24moiety for stability and aDFO-activated
reporter system, was firstly applied for in vivo tumor imaging in
different preclinicalmodels. Tumor specificitywas validated using
a custom-made FITC-labeled version of the tracer (TPP-[FITC],
EMCmicrocollections; Fig. 1A; ref. 29). The intermediate products
of the synthesis of TPP-PEG24-DFO[89Zr] were controlled for
quality. The insertion of a cysteine residue at the N terminus of
TPP ([C]TKDNNLLGRFELSG-acid) enabled maleimide conjuga-
tion. The TPP-DFO derivative was synthesized at a high yield of
84% by a reaction of DFO-maleimide with the thiol group of the
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Figure 1.

Chemical structures and molecular weights of TPP-[FITC] (1,975 g/mol; A), TPP-PEG24-[FITC] (3,396 g/mol; B), and TPP-PEG24-DFO (3,505 g/mol; C).
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terminal cysteine in DMSO/PBS (�1:10) and the final product
was purified by semi-preparative HPLC-MS (Supplementary
Experimental Material; Supplementary Fig. S2A). Because the
sequence of TPP is part of the oligomerization domain of Hsp70,
the peptide has the tendency to form self-aggregates, which can be
reduced by insertion of a heterobifunctional PEG24 moiety to the
maleimide and N-hydroxysuccinimide–activated ester groups
(mal-PEG24-NHS), as a spacer between peptide and imaging
reporter molecule (FITC or DFO chelator). Therefore, mal-
PEG24-NHS was firstly reacted to FITC-NH2 (37) or DFO and
then, the resulting conjugates were reacted with the TPP peptide
moiety utilizing the maleimide-thiol Michael addition reaction
(Supplementary Fig. S1B and S1C). High yields of the products
TPP-PEG24-[FITC] (Fig. 1B) and TPP-PEG24-DFO (Fig. 1C) were
obtained after purification by semi-preparative HPLC-MS and
ESI mass spectrometry (Supplementary Fig. S2A–S2F). Finally,
TPP-PEG24-DFO[89Zr] and TPP-PEG24-DFO[natZr] were pre-
pared by adding 89Zr-oxalate and natZr-oxalate, respectively,
to an aqueous solution of the peptide at pH6.5. 89Zr was used
as a reporter isotope because of the long circulation time of
the peptide complex. Characterization, radio-HPLC analysis
and stability testing of the radiolabeled tracers (TPP-peptide,
cmHsp70.1 mAb) are described in the Supplementary Material
and Supplementary Fig. S3A–S3D.

Specific binding and uptake of TPP-based tracers reflect
mHsp70 expression patterns of tumor cells and primary
fibroblasts in vitro

Cytosolic Hsp70 expression in the different tumor cell lines
4T1, 4T1þ, and CT26 and primary mouse skin fibroblasts was
determined by an Hsp70 ELISA using identical instrument set-
tings and image processing (Fig. 2A). The Hsp70 overexpressing,
highly metastatic mouse mammary carcinoma cell line 4T1þ

showed significantly higher cytosolic Hsp70 levels (mean fluo-
rescence intensity 138,517 � 14,839 au), than wild-type 4T1
(mean 118,280 � 9015 au; P < 0.05), and mouse adenocolon
carcinoma cell line CT26 (mean 92,170� 9,235 au; P < 0.01). The
cytosolic Hsp70 content of primary skin fibroblasts was signifi-
cantly lower than that of all tumor cells (P < 0.001) with a mean
signal intensity of only 8,019 � 5,177 au. The specific binding of
TPP-PEG24-[FITC] tomHsp70on viable tumor (4T1, 4T1þ, CT26)
and normal (fibroblasts) cells was compared with that of the
previously established fluorescence-labeled cmHsp70.1-[FITC]
mAb and TPP-[FITC] peptide (Fig. 2B and C; refs. 21, 29).
Following suppression of the metabolic activity at 0�C, FITC-
labeled cmHsp70.1 mAb, TPP peptide and TPP-PEG24 showed
comparable binding pattern with 4T1 (82%, 66%, 64%, respec-
tively), 4T1þ (97%, 99%, 100%, respectively), and CT26 (68%,
54%,59%, respectively) tumor cells and single-cell suspensions of
primary mHsp70-negative skin fibroblasts (5%, 1%, 3%,
respectively; Fig. 2B). A histogram overlay following TPP-
PEG24-[FITC] and TPP-[FITC] staining of 4T1 tumor cells revealed
comparable binding patterns and mean fluorescence intensity
values (MFI; 33.5 � 111 au, 23.1 � 66 au, respectively; Fig. 2C).

The internalization kinetics of mHsp70-specific peptide tracers
was evaluated by incubation under physiologic conditions (37�C,
5% CO2). FACS analysis after 0.5, 5, 10, 15, 30, 60, 120, and 180
minutes revealed a rapid and comparable internalization of the
2.0 kDa TPP-[FITC] and 3.5 kDa TPP-PEG24-[FITC] in both tumor
cell types 4T1 and CT26 (Fig. 3A). After 30 minutes, MFI values
increased 5.6-fold and 7.3-fold after incubation of 4T1 cells with

TPP-[FITC] and TPP-PEG24-[FITC], respectively. The increase was
calculated as thequotient of theMFI value at 37�C(30minutes) to
the MFI value at 0�C (30 minutes). Under identical conditions,
CT26 cells showed a 9.7-fold (TPP-[FITC]) and 6.7-fold
(TPP-PEG24-[FITC]) intracellular increase in MFI with the respec-
tive probes. A dotted staining pattern, which is typical for
an endolysosomal internalization pathway, was apparent after
a 30-minute incubation period with both compounds in 4T1,
4T1þ, and CT26 tumor cells (Fig. 3B).

4T1 and CT26 tumors show comparable macrophage
infiltration and microvessel density, but different Hsp70
expression

Apart from chemical features of the tracer, the intratumoral
accumulation in vivo can be influenced by the architecture of
tumor vessels and the tumor microenvironment including pha-
gocyting macrophages. Therefore, the Hsp70 content was ana-
lyzed concomitantly with tumor-associatedmacrophages and the
tumor vasculature in sections of 4T1 and CT26 tumors. In line
with results obtained from in vitro–cultured tumor cells, the
cytosolic Hsp70 content was higher in 4T1 compared with CT26
tumors (Fig. 4A). Both tumor models revealed a high nuclear
Hsp70 staining intensity. A representative view of a histologic
section of a subcutaneous benign fibroblast hyperplasia with a
central necrosis (N; Supplementary Fig. S4A) shows a very weak
Hsp70 staining intensity in the viable part of the tissue (Supple-
mentary Fig. S4B and S4C).

Tumor-infiltrating macrophages as visualized by F4/80 anti-
body staining showed comparable numbers in both tumor
mouse models (4T1: 1,214 � 247 cells/mm2 and CT26: 1,187 �
222 cells/mm2; Fig. 4B). Previous work indicated that macro-
phages do not display Hsp70 on their plasma membrane (29).

The main supply route for delivery of intravenously injected
compounds is the tumor vasculature. To exclude abias induced by
a divergent vascularization, a lectin-based light sheet ultramicro-
scopy of excised tumors was performed concomitantly with a
staining of endothelial cells in tumor sections using CD31 mAb.
As shown in Fig. 4C, a high vessel density was detectable in viable
tumor regions of both mouse models. However, the vascular
architecture differed in 4T1andCT26 tumors. 4T1 tumors showed
a distribution of relatively large vessels throughout the whole
viable tumor mass, whereas in CT26 tumors, the fraction of main
feeding vesselswas lower in the central tumor area. In contrast, the
distribution ofmicrovessels was comparably high in viable tumor
areas of both tumor models. In line with the results of light sheet
microscopy, a CD31 staining of representative tumor areas of
both models revealed a comparable, homogeneous distribution
of capillaries with less than 1,500 mm2 of lumen. As shown
in Fig. 4D, the microvessel density was 110 � 25 (4T1) and
120� 43 capillaries (CT26) permm2 tumor tissue. No significant
differences were observed in 4T1 and 4T1þ tumors (4T1: 110 �
25; 4T1þ: 105 � 11). In summary, tumors differ only in
their Hsp70 content (Figs. 2 and 4A), but not with respect to
the number of tumor-infiltrating macrophages or microvessel
density.

Accumulation of TPP-PEG24-DFO[89Zr] in tumor mouse
models reflects mHsp70 expression of the tumor cells

The Kd of TPP-PEG24-DFO[natZr] was determined as 18.9 �
11 nmol/L by MST measurements (Supplementary Fig. S5A) and
the IC50 (38� 2) and log P value of the compound (�3.60� 0.2)
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are shown in Supplementary Fig. S5B. The internalization kinetics
of the newly developed TPP-based PET tracer in 4T1 cells over a
period of 240 minutes is shown in Supplementary Fig. S5C.

The in vivo specificity and target enrichment capacity of the
tracer was studied in four preclinical models with different

mHsp70 expression patterns. TPP-PEG24-DFO[89Zr] was evalu-
ated bymicro-PET/CT acquisition inmHsp70-positive 4T1, 4T1þ,
CT26 tumor mouse models and mHsp70-negative benign fibro-
blast hyperplasia. FromPETmeasurements (1–24 hours; Fig. 5A),
a short-term (Supplementary Fig. S5D) and long-term

Figure 2.

Comparative analysis of in vitro Hsp70
expression of 4T1, 4T1þ, CT26 tumor cell
lines, and subcutaneous fibroblast
hyperplasia (fibroblasts). A, Top, mean
signal intensity of cytoplasmic staining,
as determined by in-cell ELISA based
quantification. Bottom, representative
immunfluorescence images of the cells
following intracellular Hsp70 staining,
using cmHsp70.1 mAb. Blue, DAPI;
green, cmHsp70.1-[FITC]. Scale bar, 5
mm. B, Comparative analysis of in vitro
expression profiles of membrane-bound
Hsp70 on 4T1, 4T1þ, CT26 tumor cell
lines, and subcutaneous fibroblast
hyperplasia (fibroblasts) using
cmHsp70.1-[FITC] mAb (top), TPP-
[FITC] peptide (middle), and
TPP-PEG24-[FITC] peptide (bottom).
B, Flow cytometry profiles of mHsp70
staining patterns after incubation of the
probes at 0�C. Percentages of positively
stained, viable cells are indicated in
each histogram. C, Overlay of flow
cytometric histograms of 4T1 cells
stained with TPP-[FITC] (black line) and
TPP-PEG24-[FITC] (green line). Red line,
histogram of an isotype-matched
control antibody.
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(Supplementary Fig. S5E) time–activity analysis was performed
by defining volumes of interest on selected organ scans (4T1
tumor, CT26 tumor, heart, liver, muscle). Tumors could be firstly
distinguished from normal tissues 3 hours postinjection, when
TPP-PEG24-DFO[89Zr] tracer was still visible in the blood stream
(heart signal). Six hours after tracer injection, the tumors were
clearly distinguishable from surrounding tissues and the back-
ground activity in heart and liver dropped continuously until 24
hours (Supplementary Fig. S5E). Image-derived uptake calcula-
tions, based on median uptake values obtained by static scans
(5 mice), revealed a maximum accumulation of TPP-PEG24-
DFO[89Zr] and highest tumor-to-background contrast, 24 hours
after tracer injection in 4T1 (2.66�0.50%ID/g) andCT26 (2.00�
0.4%ID/g) tumors. This signal increase in the tumor was accom-
panied by a drastic decrease of the tracer in the blood pool
(Supplementary Fig. S5E). The kinetics of target accumulation of
TPP-PEG24-DFO[89Zr] tracer was comparable in 4T1þ and 4T1
tumors (Supplementary Fig. S5E).

Uptake of the tracer in the gall bladder after static acquisition
was observed only at early time points (1–3 hours), which is
indicative for a partial excretion via the hepatobiliary pathway
(Fig. 5A). Specificity and sensitivity of the TPP-based tracer for
mHsp70 expression density on tumor cells was demonstrated in
mice bearing 4T1 tumors (left neck) and CT26 tumors (right

neck; Fig. 5A) or benign mouse skin hyperplasia (Fig. 5B), which
do not show mHsp70 expression. The highest uptake of TPP-
PEG24-DFO[89Zr] tracer was detected 24 hours after intravenous
injection in 4T1 tumors followed by CT26 tumors. In contrast, 24
hours after tracer injection, the uptake was comparable to that of
background in benign skin hyperplasia (Fig. 5B). Prominent
residual activity was present in the kidneys and bladder due to
the renal excretion of the peptide-based tracer. For further eval-
uation of the in vivo specificity of TPP to membrane-Hsp70 on
tumor cells, near-infrared imaging on tumor-bearing mice har-
boring both, subcutaneous 4T1 wt and subcutaneous 4T1
Hsp70�/� tumors, was performed. Thereby, 4T1 Hsp70�/� cells
served as a negative control. Mice were simultaneously injected
with TPP[Cy5.5] and the scrambled control peptide CP[DL750].
Twenty-four hours after intravenous injection, animals were
sacrificed and imaged for fluorescence. The signal ratios of tumors
and tumor-surrounding normal tissues (tumor-to-background
ratios, TBR) were calculated and used as a surrogate marker for
tumor-specific accumulation of the tracers.

In epifluorescence experiments, TBR of TPP-[Cy5.5] in 4T1
Hsp70 wt tumors was significantly higher, compared with that
of CP-[DL750] in 4T1wt tumors, or to that of both compounds in
4T1 Hsp70�/� tumors (Supplementary Fig. S6A). Following
tumor dissection, accumulated tumor signals of the two

Figure 3.

In vitro dynamics of uptake of
mHsp70-targeting probes into viable
tumor cells at 0�C and 37�C. A, Kinetics
of the binding and uptake of TPP-[FITC]
(circles) and TPP-PEG24-[FITC]
(diamonds) into 4T1 (left graph) and
CT26 (right graph) tumor cells at 0�C
(open symbols) and 37�C (filled
symbols) as determined by mean
arbitrary units (au) of fluorescence
intensity (mfi) signals. Data show the
mean of two to three independent
experiments � SD. B, Representative
immunofluorescence images of 4T1,
4T1þ, CT26 tumor cells, following
incubation with TPP-[FITC] (top)
and TPP-PEG24-[FITC] (bottom)
peptide-based compounds at 37�C for
30 minutes. Scale bar, 10 mm.
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compounds in wt and Hsp70�/� 4T1 tumors were compared.
Gray intensity values of the images were plotted along a hori-
zontal line through the tumors of one mouse. The peak signal
intensity of TPP[Cy5.5] in a 4T1 wt tumor was twice as high,
compared with that in a Hsp70�/� tumor. These data further
demonstrate the Hsp70 specificity of the TPP peptide, in vivo.
A scrambled control peptide CP[DL750] revealed a similar low
background signal in both tumors, Hsp70 wt and 4T1 Hsp70�/�

tumors (Supplementary Fig. S6B).

Biodistribution studies
Biodistribution studies were performed in 6- to 8-week-old,

female mice with 4T1 (left neck), and CT26 (right neck) or 4T1þ

(right neck) tumors. All mice underwent PET/CT imaging 24
hours post intravenous injection of TPP-PEG24-DFO[89Zr]. After
washing, excised tumors and organs were weighted and counted
in a gamma-counter. The calculated tracer uptake in 4T1þ, 4T1

and CT26 tumors was 6.2� 1.1, 4.3� 0.7 and 3.39� 0.77%ID/g,
respectively, and 0.24 � 0.03%ID/g in benign fibroblast hyper-
plasia, which served as a negative control (Fig. 6A). The intratu-
moral distribution of TPP-PEG24-DFO[89Zr], as determined by
PET/CT, showed a ring-shaped staining pattern within the viable
rim area of the tumor (Fig. 6B). No PET signal was detectable in
the central necrotic tumor area, which was confirmed by H&E
staining (Fig. 6C), IHC for the proliferation marker Ki67 and for
the endothelial cell marker CD31. Both stainings were only
detectable in viable, but not in necrotic tumor tissue (Fig. 6D
and E). This finding shows that the tracer accumulates selectively
in viable tumor tissue. The uptake of TPP-PEG24-DFO[89Zr] in
4T1þ, 4T1 and CT26 tumors and fibroblasts differed significantly
(P < 0.01; Fig. 6F). Because of the size and hydrophilicity of the
tracer, uptake in the liver was low (0.32 � 0.14%ID/g) and in
kidney high (26.21 � 4.38%ID/g). In all tumors, independently
of their origin, a correlation between PET derived in vivo and
ex vivo tracer enrichmentmeasurements could be confirmed (R2¼
0.847; Fig. 6G).

For evaluation of the dependency of biodistribution on the
tracer size, the full-lengthmurine IgG1 antibody-based PET-tracer
cmHsp70.1-DFO[89Zr] (KD ¼ 5.4 nmol/L) was compared to the
3.5 kDa TPP-PEG24-DFO[89Zr] (KD ¼ 18.9 nmol/L). As expected,
the 150 kDa cmHsp70.1-DFO[89Zr] showed the typical long
blood half-life and liver enrichment of IgG antibodies. For a
better comparability of the two compounds, a circulation time
of 72 h was taken for cmHsp70.1-DFO[89Zr], and compared with
24 hours for TPP-PEG24-DFO[89Zr], after intravenous injection.
The different circulation times were chosen tominimize falsifying
effects on organ contents, which can be induced by different tracer
concentrations remaining in the vascular system of the respective
organs. At the indicated time points, TPP-PEG24-DFO[89Zr] and
cmHsp70.1-DFO[89Zr] displayed comparable blood-to-muscle
signal ratios of 6.4 � 0.2 and 6.6 � 1.4, respectively. These equal
ratios are indicative for a comparable extravasation status of both
compounds. In PET studies on 5 mice, cmHsp70.1-DFO[89Zr]
revealed the typical biodistribution pattern of a 150 kDa, full-
length IgG1 antibody, characterized by a high liver uptake and a
long blood half-life. A direct comparison of the antibody- and
the peptide-based tracer showed significantly higher accumula-
tion (P < 0.05) of DFO[89Zr]-labeled cmHsp70.1 tracer in the
main healthy organs, such as spleen, pancreas, lung, duodenum,
heart, bone and muscle, compared with the 3.5 kDa TPP-PEG24-
DFO[89Zr] (Fig. 7). Although the enrichment of cmHsp70.1-
DFO[89Zr] in sc 4T1 wt tumors was higher, compared with
TPP-PEG24-DFO[89Zr] (13.4 � 2.1%ID/g and 4.3 � 0.7%ID/g,
respectively), the TPP-peptide based compound showed
favorable tumor-to-normal organ ratios due to the minimal
residual signal in most normal organs. As an example, in vivo
application of TPP-PEG24-DFO[89Zr] displayed a tumor to
muscle ratio of 33.0 � 1.1, compared with a tumor-to muscle
ratio of 10.3 � 2.0, as determined by biodistribution of
cmHsp70.1-DFO[89Zr].

In vivo stability analysis of TPP-PEG24-DFO-[89Zr]
For in vivo stability analysis, mice were injected with 3.0–4.0

MBq of TPP-PEG24-DFO[89Zr] and sacrificed 1, 3, 6, and 24 hours
postinjection. Autoradiographs of TLC loaded with homoge-
nized samples of blood, kidney, liver, 4T1, and CT26 tumors,
showed that up to 24 hours after intravenous administration,
intact TPP-PEG24-DFO[89Zr] was present in all tested organs

Figure 4.

Representative FFPE sections of subcutaneously grown tumors stained for
Hsp70, F4/80-positive tumor-infiltrating macrophages, and CD31-positive
blood vessels. A, IHC staining of Hsp70 on FFPE sections of 4T1 (left)
and CT26 (right) using cmHsp70.1 mAb. Scale bar, 200 mm. B, IHC staining
of tumor-infiltrating macrophages on FFPE sections of 4T1 (left) and CT26
(right) tumors using F4/80 mAb. Scale bar, 100 mm. The number of F4/
80-positive cells (n) per mm2� SD are indicated in the white inset bar graph. C,
Representative light sheet microscopical views of 4T1 (left) and CT26 (right)
tumors, 15 minutes after intravenous injection of 250 mg of Lectin-[AF750]
(white signals). Scale bar, 1 mm. D, IHC staining of the tumor vasculature on
FFPE sections (5 mm) of 4T1 (left) and CT26 (right) using CD31 mAb. Scale bar,
100 mm. The number of CD31-positive cells (n) per mm2 � SD are indicated
in the white inset bar graph.
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(Supplementary Fig. S7A). This result was confirmed by radio-
HPLC showing a single peak with a retention time at 16.50
minutes, corresponding to the TPP-PEG24-DFO-[89Zr] in blood
and kidney (Supplementary Fig. S7B).

Discussion
Research on the development of clinically applicable, tumor-

specific tracers with potential prognostic relevance remains indis-
pensable (38–40). The membrane-bound form of the major
stress-inducible 72-kDaHsp70 is exclusively found on the plasma
membrane of viable tumor cells ofmultiple entities (3, 4, 15), and
therefore qualifies as a universal tumor-specific target for imaging.
Preclinical therapeutic approaches using the mHsp70-specific
cmHsp70.1 mAb for targeting mHsp70 on tumor cells revealed
an ample tumor-specific binding and intratumoral accumulation
in vivo that results in a significant activation of the host's antibody-
dependent cellular antitumor immune response (21). Because of
the size, biodistribution characteristics and immunogenicity, full-
length antibodies exhibit certain limitations for diagnostic pur-
poses (22, 41). In comparison, smallermolecules such as peptides
display certain beneficial features over antibodies for in vivo
applications, including short circulation periods, fast body clear-
ance, favorable biodistribution, improved ingress into solid
tumors and highly efficient tumor cell penetration capabilities
(26, 42–44). Consequently, we developed the Hsp70-specific
14-mer peptide tracer based on TPP that enables tumor cell
specificity by mimicking the characteristics of the Hsp70 oligo-
merization domain. In vivo validation of a fluorescence-labeled

TPP derivative in syngeneic and xenograft human tumor mouse
models of 6 different entities exhibited universal tumor enrich-
ment capacity and notable tumor cell specificity (29). In contrast,
cells of the tumor microenvironment were found to be mHsp70-
negative. The clinical relevance for an Hsp70-based tumor target-
ing is further given by a correlation of a high Hsp70 expression
with inferior patient survival and therapy resistance in multiple
tumor entities, such as carcinomas of the gastrointestinal tract
(20), squamous cell carcinoma of the head and neck (12),
esophageal carcinoma (16), or prostate carcinoma (11). There-
fore, in vivo targeting of mHsp70 with TPP-PEG24-DFO[89Zr]
offers, apart from its tumor-specific targeting capacity, also the
potential to predict clinical outcome or therapy responses. The
significantly enhanced accumulation of TPP-PEG24-DFO[89Zr] in
highly malignant, metastasizing 4T1mammary carcinomas com-
pared with the lower malignant CT26 colon carcinomas also
supports this finding. Another beneficial feature of the
mHsp70-based in vivo tumor imaging is the high turnover-rate
of mHsp70 into the cytosol of tumor cells via an alternative
endolysosomal pathway, which enables the intracellular accumu-
lation of intravenously injected Hsp70-targeting tracers. As a
result an enhanced TBR is achieved by an extension of the time
period forwash-out of unspecific tracer binding to normal tissues.
In previous studies, near-infrared optical imaging showed super-
ior TBR in subcutaneously implanted and endogenous tumor
mouse models, following intravenous administration, compared
with a unspecific control peptide probe (29). In comparison with
an avß3 integrin–targeting small-molecule tracer, TPP peptide–
based probes revealed higher tumor-specific enrichment, because

Figure 5.

Representative PET scans of viable,
tumor-bearing mice, following the
kinetics of tracer biodistribution within
the first 24 hours after intravenous
injection of TPP-PEG24-DFO[

89Zr]. A,
Pseudocolor images of static PET scans
of a mouse bearing 4T1 (left, white
arrow) and CT26 (right, gray arrow)
tumors, scanned at circulation times of 1,
3, 6, 9, 19, and 24 hours. B,
Representative PET scan of a mouse
bearing mHsp70-negative,
subcutaneously implanted, benign
fibroblast hyperplasia as a control
(dark gray arrow) after a circulation
time of the compound of 24 hours.
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avß3 integrin is also expressed on nonmalignant cells such as
tumor-associated macrophages and tumor-infiltrating fibro-
blasts. Intratumoral uptake of the fluorescence-labeled TPP probe
was confirmed by histologic analysis of cryopreserved tumors
after intravenous injection of the probe. Therefore, the TPP-based
fluorescence probe was developed into a PET tracer after radi-
olabeling using the 89Zr-DFO methodology. The in vivo epifluor-
escence imaging technique was used to confirm Hsp70 specificity
of the peptide-based compound after intravenous injection into
mice bearing subcutaneous Hsp70 wt andHsp70�/� 4T1 tumors.
Fluorescence-labeled TPP peptide specifically accumulated in

Hsp70 wt but not in Hsp70�/� tumors. Because TPP is part of
the oligomerization domain of Hsp70, the peptide has the ten-
dency to self-aggregate in solution, which adversely affects its in
vivo distribution. Therefore, an optimized PEGylated 89Zr-radio-
tracer (TPP-PEG24-DFO[89Zr]) was developed. In vitro character-
ization of FITC-labeled TPP-PEG24 conjugates showed a compa-
rable capacity to bind mHsp70 on different tumor cell lines like
full-length cmHsp70.1 mAb. The long in vivo circulation time of
the tracer enables optimal accumulation and high tumor-to-
background ratios 24 h after tracer injection. Furthermore, inter-
nalization of the PET tracer intomHsp70-positive tumor cells was

Figure 6.

Biodistribution study 24 hours
after intravenous injection of
TPP-PEG24-DFO[

89Zr] in
mHsp70-positive 4T1 (n ¼ 11), 4T1þ

(n¼ 3), and CT26 (n¼ 8) tumor-bearing
as well as mHsp70-negative, benign
hyperplasia-bearing � mice (n ¼ 3).
A, Quantification of the tracer
accumulation in organs and tumors of
the mice, given in mean values � SD. B,
Intratumoral, ring-shaped accumulation
of the PET tracer TPP-PEG24-DFO[

89Zr]
in viable tumor tissue, but not in the
central necrotic area of 4T1 tumor. C,
Representative H&E staining of the
ring-shaped, viable 4T1 tumor with a
large central necrosis at two
magnifications. D, Ki67 staining of
proliferative tumor cells in the viable
tissue (right), but not in the central
necrosis (left). Magnified excerpts of the
staining within necrotic and viable tissue
areas, as indicated by the rectangular
insets, are shown on the right. Scale bar,
100 mm. E, CD31 staining of a tumor area
containing viable tumor tissue (top
right) and central necrosis (bottom left).
Magnified excerpts of the stainingwithin
necrotic and viable tissue areas, as
indicated by the rectangular insets, are
shown on the right. Vascularization is
visible in the viable tumor tissue, but not
in the central necrosis. Scale bar, 100mm.
F, Comparative analysis of the
tracer accumulation derived from all
mHsp70-positive tumor and
mHsp70-negative benign fibroblast
hyperplasia mouse models. The tracer
accumulation in the different models
differed statistically significant
(�� , P < 0.01). G, PET-image based
determination of in vivo tracer uptake
versus organ-derived uptake calculation
(ex vivo). Uptake is given in %ID/g,
correlation coefficient (R2 ¼ 0.874).
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not negatively affected by PEGylation. The time for a complete
internalization cycle ofmHsp70, tagged either with TPP-[FITC] or
TPP-PEG24-[FITC], was determined as 3.2 and 1.3 minutes for
4T1 cells, respectively, and 0.5 and 2.5 minutes, respectively,
for CT26 cells. These data reveal that the molecular weight of
the tracer ranging from 1,975 g/mol (TPP-[FITC]) to 3,505 g/mol
(TPP-PEG24-[FITC]) did not show adverse effects on its internal-
ization capacity. A comparison of the uptake kinetics of other
membrane-bound target molecules, such as EGFR in HeLa cells
(45), somatostatin receptor 2 (STR2) inCA20948 cells (46), or the
chemokine receptor CXCR4 in 3T3 cells (47) revealed internal-
ization cycles in the range of 10 to 20 minutes.

In vivo, the uptake capacity of TPP-PEG24-DFO[89Zr] tracer
ranged from background level in mHsp70-negative benign fibro-
blast hyperplasia, over moderate (CT26 cells: 2.0� 0.4%ID/g) to
high (4T1 cells: 5.47 � 0.3%ID/g) and very high levels in
mHsp70-overexpressing 4T1þ tumor cells (6.22 � 1.1%ID/g).
Biodistribution analysis further supports the capacity of TPP
peptide as a tumor-specific tracer. Modification of TPP peptide
by introducing a heterobifunctional PEG24 moiety further
improved the in vivo performance of the Hsp70-specific radio-
tracer by both, avoiding self-aggregation and prolonging the
circulation time in the blood. While accumulation of the probe
was already detectable during the first 6 hours after injection,
specific tumor uptake with high contrast tumor-delineation
became pronounced 9 hours after injection, and reached a max-
imum at 24 hours after administration of the TPP-based PET
tracer. Moreover, according to the octanol-water partition coeffi-
cient measurements (log P ¼ �3.60 � 0.2), the high hydrophi-
licity of the molecule, together with its small size, caused a
significant kidney excretion and low accumulation in the liver
(Fig. 6A). Thepresence of tracer accumulation in the gallbladder at
early acquisition times (1–3 h) and the low accumulation in the
liver at later time points indicates that the tracer is not primarily
excreted via the hepatobiliary route. The pathway of elimination

for the TPP-PEG24-DFO[89Zr] tracer is, in accordance to common
knowledge (48), following the renal body clearance pathway of
excretion of intravenously applied, small compounds. Therefore,
TPP-based tracers also qualify for the delineation of small tumors
and metastases in mHsp70-positive hepatocellular carcinoma
and liver metastases (49). These entities are not addressable for
compounds exceeding the size threshold for clearance through the
hepatobiliary pathway. To further evaluate the dependency of
the tracers'molecular size on the biodistribution, theperformance
of the TPP-peptide based tracer was compared with that of the
mHsp70-targeting full-length murine IgG1 antibody-based
tracer cmHsp70.1-DFO[89Zr]. In contrast to the 3.5-kDa peptide
tracer TPP-PEG24-DFO[89Zr] (Kd ¼ 18.9 nmol/L), the 150 kDa
cmHsp70.1-DFO[89Zr] (Kd ¼ 5.4 nmol/L) tracer is character-
ized by a high liver uptake and long blood half-life, which is
characteristic for IgG antibodies. To improve the comparability
of the biodistribution of the two compounds, circulation
times with matching extravasation status were used to mini-
mize falsifying effects of different tracer concentrations in
the circulation. At 72 hours after intravenous injection of
cmHsp70.1-DFO[89Zr] and a circulation time of 24 hours for
TPP-PEG24-DFO[89Zr], the extravasation status, represented by
the blood-to-muscle ratios, were comparable for antibody and
peptide (6.6 � 1.4 and 6.4 � 0.2, respectively). Apart from the
high liver uptake of cmHsp70.1-DFO[89Zr], the accumulation
of the antibody-based tracer was also significantly higher (P <
0.05) in other healthy organs such as spleen, pancreas, lung,
small intestine, heart, bone, and muscle compared with TPP-
PEG24-DFO[89Zr]. Because the 3.5 kDa peptide-based tracer
is excreted from the body via the renal pathway, this tracer
enables the imaging of liver tumors and metastasizes. Although
the uptake of cmHsp70.1-DFO[89Zr], compared with the TPP-
PEG24-DFO[89Zr] tracer, was higher in the tumor (13.4 �
2.1%ID/g and 4.3� 0.7%ID/g, respectively), the tumor-specific
contrast, as determined by the tumor-to-normal tissue ratios,

Figure 7.

Comparison of in vivo biodistribution of the Hsp70-reactive
compounds cmHsp70.1-DFO[89Zr] (MW ¼ 150 kDa) and
TPP-PEG24-DFO[

89Zr] (MW ¼ 3.5 kDa) in different organs
(spleen, pancreas, lung, duodenum, heart, blood, stomach,
bone, muscle, brain, liver, kidney) of 4T1 tumor-bearing mice
following i.v. injection of 2.9 MBq and 4.4 MBq tracer
equivalent, respectively. Inset, representative pseudocolor
PET scans of cmHsp70.1-DFO[89Zr] in a living mouse bearing
subcutaneously implanted 4T1 wt tumor, 72 hours after
intravenous administration (left), and of a mouse
bearing subcutaneously implanted 4T1 (left shoulder)
and CT26 (right neck) tumors, 24 hours after intravenous
TPP-PEG24-DFO[

89Zr] injection (right). Data are given in
%ID/g tissue.
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was favorable for the TPP peptide-based tracer (e.g., tumor-to-
muscle ratio, antibody tracer: 10.3 � 2.0, TPP-peptide tracer:
33.0 � 1.1). In summary, due to unfavorable biodistribution
kinetics caused by long blood circulation times and a slow
tumor uptake, an significant accumulation in many healthy
organs, particularly in the liver, which hampers the imaging of
liver tumors and metastases, an increased the risk of radio-
toxicity, and Fc receptor-mediated immunogenic off-target
effects of full-length antibody-based tracers, the TPP-PEG24-
DFO[89Zr] was developed as a PET tracer for future imaging
applications in patients.

PET analysis revealed a maximum enrichment of TPP-based
tracer, 24 hours after intravenous application, in different tumor
types. This finding is in accordance with previously assessed data
using a fluorescently labeled TPP probe (29). The continuous
tracer accumulation in tumor cells over 24 hours may be
explained in part by a backflush of the tracer from the kidneys
into the blood stream. Because the fast internalization dynamics
of mHsp70, recirculating TPP tracer can bind internalize into
tumor cells with a fast kinetics.

Self-aggregation of the TPP-based tracer over time could be
avoided by introducing a flexible 24-mer PEG chain (50). By
future modifications of the PEG moiety length, reduction in
kidney uptake will be approached, velocity of the tracer accumu-
lation in the tumor could be further improved, while keeping the
stability of the TPP peptide tracer.

Conclusion
A novel TPP-PEG24 based PET tracer provides a useful tool for

exclusive targeting of malignant tumors of different entities. With
its favorable tumor specificity and biodistribution, precise tumor
delineation, absence of toxicity or immunogenicity, effortless
synthesis and the successful proof-of-concept in preclinical mod-
els, it is expected that TPP peptide-based in vivo Hsp70 targeting
will be a highly vibrant field in preclinical and clinical research in
the near future.
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