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Background Fibroblasts undergo a morphological transformation to a reactive phenotype in the tumor microenvironment 
characterized by the expression of proteins such as fibroblast activation protein (FAP), a post-prolyl endopepti-
dase with expression largely restricted to carcinoma-associated fibroblasts. Thapsigargin (TG) is a highly toxic 
natural plant product that triggers a rise in intracellular calcium levels and apoptosis. FAP is therefore a provoca-
tive target for the activation of prodrugs consisting of a FAP-specific peptide coupled to a potent cytotoxic analog 
of TG. 

 Methods The efficacy of FAP-activated peptidyl-TG prodrugs was tested in vitro in cell proliferation assays and effects on 
intracellular calcium in human cancer cell lines. The effects of FAP-activated prodrugs on tumor growth and host 
toxicity were tested in Balb-C nude MCF-7 and LNCaP xenograft mice (n = 9–11 per group). P values were cal-
culated using permutation tests based on 50 000 permutations. Mixed effects models were used to account for 
correlations among replicate measures. All statistical tests were two-sided. 

 Results FAP-activated prodrugs killed human cancer cells at low nanomolar concentrations (MCF-7 cells: IC50 = 3.5 nM). 
Amino acid-12ADT analogs from FAP-cleaved prodrugs, but not uncleaved prodrugs, produced a rapid rise 
in intracellular calcium within minutes of exposure. Immunohistochemical analysis of xenografts exposed to 
FAP-prodrugs documented stromal-selective cell death of fibroblasts, pericytes, and endothelial cells of suf-
ficient magnitude to inhibit growth of MCF-7 and LNCaP xenografts with minimal systemic toxicity, whereas 
non-FAP cleavable prodrugs were inactive. MCF-7 and LNCaP xenografts treated with a FAP-activated prodrug 
had maximal treated-to-control tumor volume ratios of 0.36 (treated: mean  =  0.206 mm3, 95% CI  =  0.068 to 
0.344 mm3; control: mean = 0.580 mm3, 95% CI = 0.267 to 0.893 mm3) and 0.24 (treated: mean = 0.131 mm3, 95% 
CI = 0.09 to 0.180 mm3; control: mean = 0.543 mm3, 95% CI = 0.173 to 0.913mm3), respectively, on day 21 after 
therapy.

Conclusions This study validates the proteolytic activity of FAP as a target for the activation of a systemically delivered cyto-
toxic prodrug and demonstrates that targeted killing of cells within the stromal compartment of the tumor micro-
environment can produce a therapeutic response.

  J Natl Cancer Inst 2012;104:1320–1334

The tumor stroma constitutes a substantial portion of the mass 
of many malignancies, including more than 90% of cancers char-
acterized by a desmoplastic reaction (1–3). Tumor cells depend 
upon the stroma for growth and survival signals, in addition to 
the nutritional support necessary for tumor maintenance and 
expansion. When associated with a transformed epithelium, the 
tumor stroma becomes “activated” (4). Fibroblasts, in particu-
lar, consistently undergo changes in morphology and expression 
profiles when present in the tumor microenvironment (5). These 
carcinoma-associated fibroblasts (CAFs) produce growth factors 
that promote tumor growth, angiogenesis, and the recruitment of 
protumorigenic inflammatory cells (6,7). CAFs can also affect the 
sensitivity of malignant cells to chemotherapy or radiotherapy (8,9). 

Furthermore, fibroblast activation protein-alpha (FAP)-positive 
cells within the stroma may also alter the antitumor immune 
response (10). Additionally, CAFs alter the extracellular matrix 
through the production of proteases such as FAP (11–13). FAP is a 
type II integral membrane serine protease of the dipeptidyl peptid-
ase IV family, which is characterized by post-prolyl cleavage spe-
cificity (14,15). However, FAP is unique in this family of enzymes 
because, in addition to its dipeptidase activity, it also possesses a col-
lagen type I-restricted gelatinase activity (11,16–18). FAP is select-
ively expressed on the plasma membrane of reactive fibroblasts and 
pericytes, in the stroma surrounding most epithelial cancers with 
minimal to no expression by malignant epithelial cells (12,19–21). 
These FAP-expressing cells may represent or be derived from 
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mesenchymal stem cells that have trafficked to the tumor from 
bone marrow or other sites (22). Although FAP-positive cells are 
also observed during wound healing, embryogenesis, and in areas 
of chronic inflammation and fibrosis (23–26); normal, healthy adult 
tissues have almost no detectable FAP expression (12,19–21).

We developed a therapeutic strategy that exploits FAP’s relative 
tumor-restricted expression and unique proteolytic activity to acti-
vate a peptide-based cytotoxic prodrug within the tumor microen-
vironment. This approach specifically targets the FAP-expressing 
CAFs. However, prodrug activation in the extracellular space could 
also result in the death of non-FAP expressing cell types, such as 
endothelial cells, due to a bystander effect. Directing therapy at 
FAP-expressing CAFs within the reactive stroma offers the advan-
tages of providing a more genetically stable target (27) and represents 
a potential pantumor therapeutic approach because of the common 
microenvironmental alterations that occur in many different solid 
tumors (11,28). Here we report the generation of FAP-activated 
prodrugs that have been characterized for in vitro and in vivo antitu-
mor activity against human breast and prostate cancer models.

Materials and Methods
Reagents
Dulbecco’s modified Eagle medium (DMEM), Roswell 
Park Memorial Institute (RPMI) 1640 medium, RPMI 1640 
(phenol-free), l-glutamine, penicillin-streptomycin, fetal bovine 
serum (FBS)-heat inactivated, and bovine serum were all obtained 
from Invitrogen (Carlsbad, CA); FBS from Thermo Scientific 
(Waltham, MA); polyclonal rabbit anti-mouse FAP polyclonal anti-
body was provided by Dr JD Cheng (Fox Chase Cancer Center); 
Monoclonal Rat anti-Mouse Ki-67 Antigen (Clone TEC-3), 
Monoclonal Mouse anti-Human Desmin, and Monoclonal Mouse 
anti-Human Smooth Muscle Actin (Clone 1A4) were from Dako 
(Carpinteria, CA); Monoclonal Mouse anti-Vimentin (Clone LN-6) 
from Sigma-Aldrich (St Louis, MO); Polyclonal Rabbit anti-Mouse 
Vimentin from Cell Signaling (Danvers, MA); Polyclonal Rabbit 
anti-NG2 Chondroitin Sulfate Proteoglycan from Millipore 
(Billerica, MA); Polyclonal Rat anti-Mouse CD31 (Clone MEC 
13.3) from BD Biosciences (Franklin Lakes, NJ); Alexa Fluor 488 
Goat anti-Rat IgG, Alexa Fluor 568 Goat anti-Mouse IgG, Alexa 
Fluor 488 Goat anti-Rabbit, and Alexa Fluor 546 Goat anti-Rabbit 
were all obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA). Synthesis of acetylated-gly-proline boronic acid (boro-
Pro) (AcGbP) was performed as described previously (29,30). 
Boc-protected 12-aminododecanoyl thapsigargin (Boc-12ADT) 
was provided by Dr Søeren Brogger Christensen, University of 
Copenhagen, Denmark. 12ADT-conjugated peptide prodrugs were 
produced by coupling solid phase synthesized peptide to 12ADT, 
and this was performed by California Peptide Research (Napa, CA) 
according to previously described methods (31). FAP was recom-
binantly expressed using Schneider’s S2 cells and purified from 
the culture supernatant after induction with 500 μM CuSO4 using 
Ni-NTA resin (Qiagen, Valencia, CA) as previously described (17).

Cell Lines
Human LNCaP prostate cancer, TSU bladder cancer, and MCF-7 
breast cancer cell lines were obtained from ATCC (Manassas, VA). 

LNCaP and TSU cells were grown as a monolayer in RPMI 1640 
supplemented with 10% FBS, 1% l-glutamine, and 1% Pen/Strep 
at 37°C in a humidified incubator with 5% CO2. MCF-7 cells were 
grown in an analogous manner using DMEM medium. Schneider’s 
S2 (Invitrogen, Carlsbad, CA) cells were grown as a suspension cul-
ture at room temperature in Drosophila expression system medium 
(Invitrogen) supplemented with heat-inactivated FBS.

Generation of Prodrugs
Prodrugs were synthesized by California Peptide (Napa, CA) 
according to previously published protocols (31). Three FAP-
activated prodrugs were generated: ASGPAGPA-A12ADT, 
DSGETGP-A12ADT, and ERGETGP-S12ADT (Figure 1, A). In 
addition, two non-FAP cleavable prodrug controls were generated, 
one in which the peptide sequence was scrambled (PETGRSG-
E12ADT) and one in which the P1-proline at the FAP cleavage site 
was converted to the d-isomer (ERGETGp-S12ADT). The amino 
termini were protected with a morpholino (µ) cap.

FAP-Mediated Hydrolysis of Prodrugs Ex Vivo
All prodrugs (three FAP-activated and two noncleavable controls) 
(1  μM final concentration) were added to FAP buffer ± 10  μM 
AcGbP or DMEM media ± 10% FBS. All samples contained 10% 
DMSO and were incubated at 37°C for 24 hours in a shaking 
incubator with or without 200 nM FAP. Prodrug hydrolysis was 
monitored by high-pressure liquid chromatography/quadripole 
mass spectroscopy (LCMS; PE Sciex API 3000, Applied Biosystems, 
Carlsbad, CA) detection of the active form of each drug (A-, S-, 
E-12ADT) at 0 and 24 hours in a single experiment.

Measurement of Intracellular Ca2+ Concentration
Ratiometric measurement of intracellular calcium levels was per-
formed using fura2-AM loaded TSU cells in a cuvette fluorometer 
(Photon Technology International, Birmingham, NJ) according 
to previously described methods (32). The fluorescence ratio was 
monitored at an emission wavelength of 510 nm following excita-
tion at 340 and 380 nm over 20 min. Intracellular calcium was deter-
mined according to the following formula: [Ca2+] = KdQ[(R − Rmin)/
(Rmax − R)], where R corresponds to the peak fluorescence ratio at 
340 nm/380 nm, Q is the Fmin to Fmax ratio at 380 nm, and the Kd 
is equal to 150 nM. Rmax was determined by lysing cells with 0.5% 
Triton X-100 and Rmin by chelating all free calcium with addition of 
5 mM EGTA. Pro- and active forms of the drug were added to final 
concentrations of 50, 1000, or 5000 nM after baseline readings were 
obtained. FAP was added at a final concentration of 200 nM when 
indicated, and changes in fluorescence ratios were monitored over 1 
hour and then converted to intracellular calcium levels. Three to six 
replicates were performed per concentration per compound.

Efficacy of Prodrugs In Vitro
Cell proliferation assays (3-[4,5-dimethylthiazolyl-2]-2,5-diph
enyltetrazolium bromide, MTT) were performed according to 
the manufacturer’s instructions (Promega, Madison, WI) after 
cells (MCF-7, WPMY-1, CAS-23, or NAS-23) were exposed to 
either the prodrugs (ASGPAGP-A12ADT, DSGETGP-A12ADT, 
ERGETGP-S12ADT, ERGETGp-S12ADT, PETGRSG-E12ADT) 
or the active drugs (A12ADT, S12ADT, E12ADT, or 12ADT) for 0, 
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Figure 1. Design and in vitro characterization of FAP-activated prodrugs. 
A) Structure of the potent natural plant product thapsigargin (TG) and 
its analogs, which are used as the cytotoxic “warhead” in FAP-activated 
prodrugs. B) Diagram of FAP-activated prodrug structure. Prodrugs con-
sist of a peptide carrier containing a FAP-selective cleavage site coupled to 
a TG analog via a linker. C) The A12ADT amino acid-containing TG analog 
is as toxic against quiescent, nonproliferating fibroblasts as it is against 
those in the exponential growth phase. Results are the means of one 
independent experiment with seven replicates. Statistically significant P 
< .05, determined using permutation tests in a mixed effects model. D) 
Design of FAP-activated prodrugs and controls. Peptide sequences are 
based upon the substrate specificity of FAP as determined from a human 
collagen I-derived gelatin cleavage map (17) and were coupled to a thap-
sigargin analog, 8-O-(12-aminododecanoyl)-8-O-debutanoyl thapsigargin 
(12ADT). Two prodrug analog controls were also designed based on our 
lead sequence, one with the P1-Pro in the cleavage position converted to 

a d-isomer (represented by a “p”) and one with the amino acid sequence 
scrambled. E) FAP enzymatic activity can hydrolyze the FAP-activated 
prodrugs in vitro, but not the d-isomer and scrambled analog controls. 
F) The TSU human bladder cancer cell line was treated with increasing 
concentrations of the prodrugs or the active drug, and the effect on intra-
cellular [Ca2+] was measured using the Fura-2, AM cell-permeable dye. 
The S- and A12ADT TG analogs (ie, the active forms of the prodrug) are 
able to induce a rapid rise in [Ca2+] at concentrations of 50 nM, whereas 
the full-length inactive prodrugs do not cause this rise in cytosolic [Ca2+] 
even at concentrations 20-fold higher, 1 µM. Fifty nanomolar concentra-
tion only shown for active forms of the prodrug. Error bars represent 95% 
CI. Results are the means of three to six replicates per concentration per 
compound. Asterisks indicate statistically significant P < .05, determined 
using permutation test to compare means. (Note: mean of the replicates 
was used in the analysis.) TG = thapsigargin; FAP = fibroblast activation 
protein α; LD50 = lethal dose, 50%; CI = confidence interval.
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3, 5, and 7 days (31). Absorbance was read at 570 nm with a correc-
tion wavelength of 650 nm on a SpectraMax Plus (Molecular Devices, 
Sunnyvale, CA). Mean absorbance was calculated from a single 
experiment with seven replicates per concentration and reported 
with 95% confidence intervals (CI). Concentrations that inhibited 
growth by 50% (IC50) were calculated as the concentration at which 
absorbance equaled 50% of the vehicle control after a 7-day exposure. 
Clonal survival assays were performed as previously described (33).

FAP Enzymatic Activity in Plasma, Serum, and Tumor 
Homogenates Ex Vivo
FAP enzymatic activity was measured in plasma, serum, and tumor 
homogenates by cleavage of fluorescence-quenched peptide sub-
strates as described previously (17). MCF-7 tumors were homog-
enized in 2X cOmplete, EDTA-free protease inhibitor (Roche, 
Basel, Switzerland). For inhibition studies, tumor homogenate 
was preincubated with AcGbP for 30 minutes at 37°C in a shaking 
incubator before addition of substrate.

FAP enzymatic activity in plasma and serum was measured 
using the substrate MCa-ASGPAGPA-Dnp (20 μM) at increased 
inhibitor concentration to 200 μM. Mouse and rat plasma/serum 
were collected by intracardiac puncture of fully anesthetized ani-
mals. Human plasma/serum was from discarded clinical specimens. 
Horse and chicken sera were obtained from Vector Laboratories 
(Burlingame, CA). Rates of hydrolysis were calculated as the slope 
(k) of fluorescence output from substrate cleavage over time (k 
[RFU/min]).

Immunohistochemistry
Excised tumors were flash-frozen in liquid nitrogen. Sections 
(4 μM) were cut on a Shandon Cryotome E (Thermo Scientific) by 
the Johns Hopkins Oncology Histology Core. Slides were washed 
twice in PBS for 5 minutes and fixed in cold 100% acetone at 
−20°C for 20 minutes. Three additional washes in PBS for 5 min-
utes per wash were followed by a 30-minute incubation with 0.3% 
H2O2 diluted in methanol to block endogenous peroxidase activ-
ity. After washing, slides were blocked in PBS plus 5% goat serum 
(Vector Labs). Slides were incubated with a rabbit anti-mouse FAP 
polyclonal antibody (kindly provided by JD Cheng) diluted 1:1000 
(25 µg) in PBS plus 1% FBS or normal rabbit IgG (25 µg) (Santa 
Cruz Biotechnology, Santa Cruz, CA) at 4°C for 2 hours followed 
by three washes in PBS plus 1% FBS for 5 minutes per wash. 
Slides were then incubated with biotinylated-goat-anti-rabbit IgG 
(Vector Labs) diluted 1:1000 in PBS plus 1% FBS for 1 hour at 
room temperature and then washed three times. Slides were incu-
bated with the VectaStain ABC complex (Vector Labs) per manu-
facturer’s instructions and then stained with Mayer’s hematoxylin 
stain (Dako, Carpinteria, CA).

For immunofluorescent assays, untreated controls and 
prodrug-treated animals were perfused with 2% paraformaldehyde 
24 hours after their third consecutive daily 0.1-mL IV injection 
of a 1 mM prodrug. Cardiac perfusion was performed as previ-
ously described (34,35). Briefly, following lethal anesthetization of 
mice with ketamine/xylazine, the chest cavity was rapidly opened 
and a blunt needle was inserted into the heart through an inci-
sion in the left ventricle. The mice were initially perfused with 
PBS at approximately 120 mm Hg until the blood was cleared from 

circulation and then perfused with 2% paraformaldehyde in PBS 
for 5 minutes. Tumors were removed and fixed for an additional 
hour in 2% paraformaldehyde at room temperature before soak-
ing in a 30% sucrose solution for 3–5 days. Subsequently, tumors 
were embedded in tissue freezing medium (Triangle Biomedical 
Sciences, Durham, NC), and 4 µM sections were cut on a Shandon 
Cryotome E (Thermo Scientific) by the Johns Hopkins Oncology 
Histology Core.

Slides were washed twice and blocked for 1 hour in blocking 
buffer (5% goat serum, 0.5% BSA, 0.3% Triton X-100, 0.01% 
azide in PBS). Primary antibodies were added (monoclonal rat 
anti-mouse Ki-67 antigen, clone TEC-3 [1:50], monoclonal mouse 
anti-vimentin, clone LN-6 [1:200], used for mKi-67 costaining, 
polyclonal rabbit anti-mouse FAP [1:1000], monoclonal mouse 
anti-human smooth muscle actin, clone 1A4 [1:100], polyclonal 
rabbit anti-mouse vimentin [1:50, used for αSMA costaining], 
monoclonal mouse anti-human desmin [1:1000], polyclonal rabbit 
anti-NG2 chondroitin sulfate proteoglycan [1:500], polyclonal 
rat anti-mouse CD31, clone MEC 13.3 [1:500]). All primary 
antibodies were incubated for 30–60 minutes at room temperature 
on 4 μM sections. Sections stained with mouse-derived antibodies 
were additionally blocked with AffiniPure Fab Fragment Goat 
Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laboratories, 
West Grove, PA) after initial blocking step and prior to staining 
with primary antibody. Slides were then washed six times in 0.1% 
Triton X-100 in PBS for 15–30 minutes. Secondary antibodies 
were added (Alexa Fluor 488 Goat anti-Rat IgG [1:500], Alexa 
Fluor 568 Goat anti-Mouse IgG [1:500], Alexa Fluor 488 Goat 
anti-Rabbit [1:400], Alexa Fluor 546 Goat anti-Rabbit [1:500]). All 
secondary antibodies were added for 1 hour at room temperature. 
Slides were washed three times in 0.1% Triton X-100 for 15–30 
minutes followed by a single wash in PBS for 15–30 minutes and 
then fixed in 10% formalin.

TUNEL staining was performed using the DeadEnd 
Fluorometric TUNEL System (Promega) per manufacturer’s 
instructions. Positive controls were treated with DNase I (Ambion, 
Austin, TX) for 10 minutes followed by three washes with PBS 
for 5 minutes. Terminal deoxynucleotidyl transferase enzyme was 
omitted for negative controls. Images of slides were taken using a 
Nikon (Melville, NY) Eclipse Ti fluorescent scope equipped with a 
Nikon DS-Qi1Mc camera and NIS-Elements AR3.0 imaging soft-
ware. Image analysis and background subtraction were performed 
using NIH ImageJ software.

Determination of Plasma Levels of FAP Prodrugs
Calibration standards consisted of FAP prodrugs, 12ADT, and thap-
sigargin analogs A12ADT, E12ADT, or S12ADT spiked into mouse 
plasma along with an internal standard (IS). The internal standard 
was added to plasma samples from treated mice, and then samples 
were deproteinated with acetonitrile/0.1% formic acid and result-
ing supernatants analyzed by liquid chromatography coupled to a 
quadripole mass spectrometer (LC/MS/MS [PE Sciex API 3000]) 
according to previously described methods (36). Detection was car-
ried out in positive mode. The turbo ion spray nebulizer settings 
included nebulizer gas set at 10 mL/min and an ion spray potential 
of 5500 V. The drying gas temperature was set at 450°C, and its flow 
was 800 mL/min. A multistep gradient elution HPLC method was 
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used to separate the prodrugs from the free A12ADT or S12ADT 
and internal standard with a mobile phase composed of 5% ace-
tonitrile/water/0.1% formic acid (solvent A) and 100% acetoni-
trile/0.1% formic acid (solvent B), and its initial conditions were 
60% solvent A/40% solvent B at a flow rate of 0.25 mL/min. The 
injection volume was 10 µL, and the separation was carried out in 
a 100 × 2 mm, 2.5-µm reversed phase column (Phenomenex Luna 
part number 00D-4446-B0; Torrance, CA). At 1 minute following 
injection, a linear gradient raised the mobile phase composition to 
100% solvent B by 7 minutes with a return to initial conditions at 
9 minutes. Calibration was done using standards added to and then 
extracted from mouse plasma in a range of 0.001–10 µM. Linear 
regression analysis was used to generate best-fit lines from which 
peak areas of samples were converted to concentration of prodrug. 
The terminal half-life (t1/2) was determined from the terminal slope 
(ke) on a log-linear plot of concentration versus time.

In Vivo Assays: Toxicity and Tumor Xenograft Studies
All animal studies described in this report including mouse care 
and treatment were performed according to protocols reviewed 
and approved by and performed in accordance with the guidelines 
of the Animal Care and Use Committee of the Johns Hopkins 
University School of Medicine.

To determine maximally tolerated dose for efficacy studies, 
Balb-C mice (n = 3 per group) (Harlan Laboratories, Indianapolis, 
IN) received intravenous treatment with increasing doses of FAP 
prodrugs. The highest dose that produced no death after three 
consecutive daily intravenous injections was selected as the maxi-
mally tolerated dose.

For efficacy studies, suspended tumor cells were placed in a 
60% mixture of Matrigel Matrix (BD Biosciences, San Jose, CA) 
in Hank’s buffered salt solution at a concentration of 2.0 × 106 cells 
per 100 µL of solution. LNCaP cells were then injected into the 
subcutis overlying the rear flanks of 6-week-old male nude mice 
(n = 10 per group) (Harlan Laboratories, Indianapolis, IN). MCF-7 
cells were injected subcutaneously into 6-week-old female nude 
mice (n = 9–11 per group per experiment) (Harlan Laboratories) 
previously implanted subcutaneously with a slow-release estrogen 
pellet (0.72 mg of 17β-estradiol; Innovative Research of America, 
Sarasota, FL) in the contralateral flank. All mice used received only 
one injection of tumor cells and therefore only developed a single 
tumor per mouse with successful implantation. Weekly tumor meas-
urements were made with calipers, and the tumor volume (in cm3) 
was calculated by the formula 0.5236 × L × W × H. The mice were 
euthanized by CO2 overdose, and the tumors were weighed and 
processed for histochemical analysis as previously described (31).

Fractionation of Tumors into Stromal/Epithelial 
Populations
Subcutaneous tumors (one per mouse from three mice) were har-
vested from euthanized mice immediately following CO2 asphyxi-
ation according to IACUC protocols. Tumors were cut into small 
1–2-mm pieces followed by digestion in a 0.28% Collagenase 
I  (Sigma), 1% DNAse I  (Sigma) solution of RPMI 1640 supple-
mented with 10% FBS, and 1% antibiotic/antimycotic (Sigma) 
for 4 hours at 37°C in a shaking incubator. The digested tumor 
suspension was centrifuged at 1200 rpm for 5 minutes and washed 

with PBS. The pellet was incubated for 30 minutes at room tem-
perature in a 1 mM DTT (Sigma) solution, washed, and incubated 
for an additional 30 minutes at room temperature in 0.5% trypsin/
EDTA. Trypsin was neutralized with FBS-supplemented RPMI 
1640 followed by washes with RPMI 1640 + 10% FBS (once) and 
PBS (twice). Cells were counted on a Coulter (Beckman-Coulter, 
Brea, CA) counter.

The cell pellet was resuspended in a PBS buffer (pH 7.2) 
containing 0.5% BSA and 2 mM EDTA (Miltenyi, Cologne, 
Germany). FcR blocking reagent (mouse, Miltenyi, Cologne, 
Germany) and microbeads coated with mouse anti-human 
epithelial cell adhesion molecule (EpCAM [ie, CD326] antibodies) 
(Miltenyi, Auburn, CA) were added to the cell suspension 
and incubated at 4°C for 30 minutes while mixing. Following 
washing, the cell suspension was magnetically separated using an 
equilibrated MACS 25 LD Column (Miltenyi). Unlabeled stromal 
cells were collected in the flow-through and wash fractions. The 
negatively selected stromal fraction was counted and determined to 
be approximately 10–15% of the total tumor cell population. The 
EpCAM-positive epithelial fraction was collected by removing the 
column from the magnet and flushing with buffer. Enrichment of 
stromal and epithelial fractions was confirmed by western blotting 
using antibodies to vimentin (R28, Cell Signaling) and cytokeratin 
8 (Santa Cruz Biotechnology) (data not shown). Cell fractions were 
analyzed for the presence of both pro- and active forms of the 
drugs by LCMS using a method similar to that described above 
for the determination of plasma levels. Active drug concentrations 
were normalized to the cell number in each fraction.

Statistical Analysis
P values were calculated using permutation tests based on 50 000 
permutations. For the experiments that had replicate measure-
ments, mixed effects models were used to take into account the 
correlations of the multiple measures. The models included the 
indicator of treatment group as a fixed classification factor, and the 
variance-covariance structure was modeled by assuming the repli-
cate measures from the same sample to be symmetrically correlated 
while assuming independence of observations from different sam-
ples. All statistical tests were two-sided, and P values less than .05 
were considered statistically significant. All error bars in the figures 
represent 95% confidence intervals. The analyses were performed 
using statistical software SAS version 9.3 (SAS Institute, Cary, NC).

results
Characterization of FAP-Activated Thapsigargin Prodrugs 
In Vitro
Fibroblasts are relatively resistant to chemotherapy, in part because 
of a low proliferative index (37–39). Therefore, we selected thapsi-
gargin (TG), a highly toxic natural plant product, as the cytotoxic 
agent for this strategy (Figure  1, A), because TG-induced apop-
tosis has previously been shown to be proliferation-independent; 
thus, TG is equally cytotoxic to both rapidly and slowly prolif-
erating cells (31). TG is a potent inhibitor of the sarcoplasmic/
endoplasmic reticulum calcium ATPase (SERCA) pump, a critical 
intracellular housekeeping protein (40). SERCA pump inhibition 
results in sustained elevation of intracellular calcium levels, which 
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triggers apoptosis (41–43). TG is an extremely potent, but non–cell 
type-specific, cytotoxic agent because normal SERCA pump func-
tion is essential for the viability of all cell types (42,44–46). Thus, 
TG is equipotent in vitro against human cancer cell lines, fibro-
blasts, endothelial cells, and osteoblasts (31).

As expected for an agent that kills proliferatively quiescent cells, 
TG is highly toxic in vivo with an LD100 of 0.2 mg/kg (31). To 
exploit the nonspecific cytotoxicity of TG for therapeutic benefit, a 
FAP-activated prodrug strategy was developed in which a cytotoxic 
TG analog was coupled to FAP-selective peptide substrates to cre-
ate inactive prodrugs that only become activated upon release of the 
peptide from the TG analog by FAP proteolysis. Using an iterative 
screening approach, we previously identified a series of amino acid–
containing TG analogs consisting of 8-O-(12-aminododecanoyl)-
8-O-debutanoyl-thapsigargin (12ADT) (Figure  1, A) coupled to 
an amino acid that could be readily coupled via a peptide bond to 
FAP peptide substrates (Figure 1, B) (47). Like TG and 12ADT, 
these amino acid analogs are potent nonspecific cytotoxins that 
kill human cancer cells and normal fibroblasts at low nanomolar 
concentrations (Table  1). In addition, these analogs are equally 
toxic to both exponentially growing (Table 1) and nonproliferat-
ing confluent cultures of fibroblasts (Figure 1, C), as demonstrated 
by the approximately equimolar potency against the prostatic 
fibroblast cell line WPMY-1 under these conditions (proliferating 
cells: mean = 13.3 nM, 95% CI = 11.6 to 15 nM; nonproliferating 
cells: mean = 24.0 nM, 95% CI = 21.6 to 26.4 nM). The peptide 
component of each prodrug was selected from a previously gen-
erated map of FAP cleavage sites within recombinant human col-
lagen I-derived gelatin (17). The peptide sequences were selected 
based upon kinetic parameters of FAP hydrolysis (Figure  1, D). 
TG is poorly soluble in aqueous media at concentrations above 
15 µM; therefore, addition of the peptide also enhances solubility 
of the TG analog more than 1000-fold (ie, prodrugs soluble up to 
30 mM).

The FAP-activated prodrugs (ASGPAGP-A12ADT, 
DSGETGP-A12ADT, and ERGETGP-S12ADT) were cleaved 
by recombinant FAP to release the active drug (A12ADT or 
S12ADT) (Figure 1, E). In addition, two non-FAP cleavable con-
trols were generated, a scrambled analog (PETGRSG-E12ADT) 
and an analog in which the P1-Pro at the FAP-cleavage site is 

converted to the d-Pro isomer (ERGETGp-S12ADT). FAP was 
unable to hydrolyze either of these control prodrugs to release the 
active forms of these drugs (E12ADT or S12ADT, respectively) 
(Figure 1, E).

Because the prodrugs will be administered systemically 
via the blood, it is critical to the success of the strategy that 
the peptide carrier prevents nonspecific cellular uptake of the 
TG analog in the absence of FAP hydrolysis. To demonstrate 
this property, we took advantage of the ability of TG and its 
analogs, via inhibition of the SERCA pump, to produce an acute 
elevation in intracellular calcium (40,43). Exposure of human 
TSU bladder cancer cells loaded with the calcium-responsive 
dye Fura-2 to 50 nM S12ADT or A12ADT generated a rapid 
rise in intracellular [Ca2+] to several hundred nanomolar levels 
within minutes of exposure (S12ADT: mean  =  202 nM, 95% 
CI = 145 to 259 nM; A12ADT: mean = 306 nM, 95% CI = 274 
to 338 nM). In contrast, because of the inability to penetrate the 
cell membrane, the noncleaved prodrugs were unable to induce 

a rise in intracelluar [Ca2+] (vehicle: mean = 98 nM, 95% CI = 66 
to 130 nM; ASGPAGP-A12ADT: mean = 102 nM, 95% CI = 79 to 
125 nM; DSGETGP-A12ADT: mean = 120 nM, 95% CI = 65 to 
175 nM; ERGETGP-S12ADT: mean = 119 nM, 95% CI = 96 to 
142 nM; ERGETGp-S12ADT: mean =116 nM, 95% CI = 51 to 
181 nM) at concentrations that are approximately 20-fold higher 
(1 µM, Figure 1, F).

In Vitro Activity of FAP Prodrugs
A soluble, extracellular form of FAP has previously been identi-
fied in bovine serum (48), and we observed similar FAP-like activ-
ity to be present in 10% FBS containing medium (Figure  2, A). 
Thus, we took advantage of the FAP-like activity present in FBS-
supplemented medium to study the activation of the prodrugs. We 
determined that all three FAP-activated prodrugs were hydrolyzed 
in FBS-supplemented medium but not in serum-free medium 
(Figure 2, 2A). Consistent with FAP as the activating enzyme, nei-
ther the scrambled nor the d-Pro isomer were hydrolyzed in this 
medium (Figure 2, A). Subsequently, to test whether cytotoxic levels 
of the active TG analog could be released under these conditions, 
the prodrugs were added to the medium and incubated with MCF-7 
breast cancer cells to determine their potency in vitro. MCF-7 cell 
growth was inhibited by 50% at a mean concentration of approxi-
mately 3.5 nM by the FAP-activated prodrugs. In contrast, both the 
scrambled and d-isomer analogs (non-FAP cleavable) were at least 
300-fold less potent with IC50 > 1 µM (Figure 2, B).

The presence of FAP-like activity in FBS is not an isolated 
phenomenon. Previously, Lee et  al. (49,50) demonstrated 
measurable FAP activity in human plasma. This observation led us 
to investigate whether FAP-like activity was present in the plasma 
of other species (Figure 2, C), particularly in mouse plasma prior 
to evaluation of efficacy in mouse models in vivo. Hydrolysis of a 
FAP-selective fluorescence-quenched peptide in the plasma/serum 
demonstrated that there is significantly greater FAP-like activity 
in the mouse relative to the other species tested. This hydrolysis 
was abrogated by a FAP-selective inhibitor, acetylated-gly-boroPro 
(AcGbP) (29). The activity in the mouse was up to 10-fold higher 
than the lowest levels of activity that were observed in human 
plasma and serum (Figure 2, C).

Table 1. Effect of amino acid-containing analogs of thapsigargin on 
different cell lines*

Cell line Source IC50, mean nM (95% CI)

MCF-7
LNCaP
TSU
WPMY-1
CAS-23§
NAS-23§

Breast cancer
Prostate cancer
Bladder cancer
Fibroblast
Fibroblast
Fibroblast

2.9 (2.89 to 2.91)†
3.3 (3.22 to 3.38)‡
28.0 (27.88 to 28.12)‡
13.3 (10.0 to 16.6)†
80.1 (75.0 to 85.2)†
76.8 (69.9 to 83.7)†

*  Amino acid-containing analogs of thapsigargin, like the parent compound, are 
highly potent but nonspecific cytotoxic agents that can kill a variety of cell 
types, including malignant epithelial cells and fibroblasts, in the exponential 
growth phase. IC50 = concentrations that inhibited growth by 50%.

†  MTT cell proliferation assay. MTT = 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, a yellow tetrazolium salt.

‡  Clonal survival assay.
§  Primary stromal cultures from human prostate cancer specimen (CAS-23) and 

normal prostate (NAS-23).
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The Murine Stroma-Supported Human Cancer Xenograft 
as a Model for FAP-Activated Prodrug Chemotherapy
The tumor-associated stroma comprises a much lower percent-
age of the overall tumor mass in mouse xenograft models com-
pared with human primary tumors. In support of earlier studies 
(41), using the MCF-7 human breast cancer xenograft model, we 
determined that mouse stromal cells that infiltrate human can-
cer xenografts also express the mouse homolog of FAP (Figure 3, 
A), which shares 89% sequence homology with human FAP (41). 
Like human CAFs, the FAP-expressing mouse stroma acquires 
a reactive phenotype as indicated by increased expression of 
α-smooth muscle actin (αSMA) (Figure  3, A). Additionally, 
homogenates of MCF-7 xenografts can cleave a FAP-selective 
fluorescence-quenched peptide substrate (Figure  3, B). 
Although considered “activated,” these stromal cells have a low 
proliferative rate as determined by staining with an anti-mouse 
Ki-67-specific antibody (Figure 3, C). This proliferative rate is 

markedly lower than that of the human malignant epithelial cells 
within the xenograft (Figure  3, C). Overall, these results sup-
port the use of mouse tumor xenograft models as a representa-
tive system for testing the safety and efficacy of FAP-activated 
prodrugs.

Immunohistochemical Analysis of FAP Prodrug Effects 
on the Tumor Stroma
FAP-specific release of the highly lipophilic TG analog from the 
peptide carrier by FAP-positive CAFs should primarily affect the 
cells within the stromal compartment rather than the malignant 
epithelial cells. To assess this effect, MCF-7 xenografts harvested 
from prodrug-treated mice underwent TUNEL staining to 
determine apoptotic cell distribution. As hypothesized, the majority 
of TUNEL-positive nuclei in cells from the ASGPAGP-A12ADT 
prodrug-treated xenografts were observed in the FAP-expressing 
tumor stroma (Figure 4, A). A similar overlap in TUNEL positivity 
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Figure  2. In vitro activity of FAP-activated prodrugs. A) Hydrolysis of 
FAP-activated prodrugs in tissue culture media supplemented with 
10% FBS but not in its absence. Non-FAP cleavable prodrug analogs 
are stable in FBS-supplemented media. B) Effect of FAP prodrugs on 
the growth of the MCF-7 human breast cancer cell line in vitro. Mean 
absorbance was calculated from a single experiment with seven rep-
licates/concentration and reported with 95% confidence intervals (CI). 
C) Comparison of FAP enzymatic activity in the plasma/serum from 

multiple species based upon the rate of hydrolysis of a FAP-selective 
fluorescent substrate (MCa-ASGPAGPA-Dnp, 20 μM). The mouse had as 
much as 10-fold greater FAP activity in the plasma than did the human. 
The FAP-selective dipeptide boronic acid inhibitor, AcGbP, was used at 
a concentration of 200 μM. Error bars represent 95% CI. IC50 = half max-
imal inhibitory concentration; FBS = fetal bovine serum; CI = confidence 
interval; FAP  =  fibroblast activation protein α; RFU  =  relative fluores-
cence units.
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Figure  3. The murine stroma and human cancer xenografts as a 
model to evaluate FAP-activated prodrugs. A) Fibroblasts infiltrating 
MCF-7 xenografts take on a reactive phenotype as characterized by 
the coexpression of FAP (left panel) or vimentin (right panel) (green) 
and α-smooth muscle actin (red). Images are representative and were 
taken at ×20 magnification. Scale bars = 100 μm. B) Presence of FAP 
enzymatic activity in MCF-7 tumor homogenates as indicated by the 
hydrolysis of a FAP-selective fluorescence-quenched peptide substrate 
(MCa-DRGETGPA-Dnp [1 µM]). Error bars represent 95% CI. C) Mouse 

stromal cells have a substantially lower proliferative index (arrows, 
left panel) than do the malignant epithelial cells (right panel) within 
the xenograft. Tumor sections were stained using an anti-mouse (left 
panel) or anti-human (right panel) Ki-67-specific antibody (green). The 
nuclei are counterstained with DAPI (blue). Image is representative and 
was taken at ×20 magnification. Scale bars = 100 μm. FAP = fibroblast 
activation protein α; RFU = relative fluorescence units; SMA = smooth 
muscle actin; DAPI  =  4′,6-diamidino-2-phenylindole; CI  =  confidence 
intervals.

Figure  4. Stromal-selective cell death in tumors treated with 
FAP-activated prodrugs. A) FAP-positive stromal cells (red) selectively 
undergo apoptosis as indicated by TUNEL-positive (green) nuclei fol-
lowing treatment with a FAP-activated prodrug, ASGPAGP-A12ADT, 
whereas untreated control tumors show a more general pattern of 
cell death in MCF-7 xenografts. Nuclei are counterstained with DAPI 
(blue). Images are representative of three images per tumor and three 
tumors per group. Images were taken at both ×10 and ×20 magnifi-
cations. Scale bars = 100 μm. B) Stromal cells positive for α-smooth 
muscle actin (red) selectively undergo apoptosis as indicated by 
TUNEL-positive (green) nuclei following treatment with a FAP-activated 
prodrug (ASGPAGP-A12ADT or DSGETGP-A12ADT) compared with 
untreated control tumors from mice bearing MCF-7 xenografts. Nuclei 
are counterstained with DAPI (blue). Images are representative of three 

images per tumor and three tumors per group. Images were taken at 
×20 magnification. Scale bars = 100 μm. C) There are approximately 90% 
more TUNEL-positive cells in tumors treated with a FAP-activated pro-
drug. Quantitation of images represented in (A). Average of 6–9 images 
per group. Error bars represent 95% CI. Asterisks indicate statistically 
significant P < .05, determined using mixed effects models. (Note: the 
analysis was based on each individual replicate, not their mean.) D) 
Approximately 80% of the total apoptotic (TUNEL-positive) cells from 
the FAP-activated prodrug-treated tumors are of stromal lineage com-
pared with approximately 40% of the total TUNEL-positive cells in 
the untreated control tumors. Quantitation of images represented in 
(C). Average of nine images per group. Error bars represent 95% CI. 
Asterisks indicate statistically significant difference from untreated 
control, with P < .05 determined using mixed effects models (Note: the 

and αSMA staining was also observed (Figure 4, B). Quantitatively, 
there were approximately 90% more TUNEL-positive nuclei 
in the ASGPAGP-A12ADT prodrug-treated tumors compared 
with the untreated controls (Figure 4, C). Within these same FAP 
prodrug-treated tumors, approximately 80% of the total TUNEL-
positive cells were in the stroma, whereas only about 40% of the 

total TUNEL-positive cells were in the stroma of the control 
tumors (Figure 4, D).

FAP activation of the prodrugs within the tumor stroma 
microenvironment could potentially produce a “bystander” effect 
on other stromal cells because of release of the TG analog into the 
extracellular fluid surrounding both FAP-positive and FAP-negative 
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analysis used each individual replicate.) E) Treatment of tumors with 
a FAP-activated prodrug produces a bystander effect resulting in the 
death of cells adjacent to areas of FAP expression. White arrows indi-
cate desmin-positive pericytes (left panel, red) and CD31-positive endo-
thelial cells (right panel, red) in the stromal compartment undergoing 
apoptosis (TUNEL-positive, green) in FAP-activated prodrug-treated 
tumors. Nuclei are counterstained with DAPI (blue). Images taken at 
×40 magnification. Scale bars = 50 μm. F) Stromal cells within regions 
of FAP (red) expression in xenografts begin to proliferate (arrows) 
following treatment with a FAP-activated prodrug (right panel) com-
pared with those in untreated controls (left panel) as indicated by 
cells staining positive for an anti-mouse Ki-67-specific antibody 

(green). Nuclei are counterstained with DAPI (blue). Images are rep-
resentative of six images per tumor and three tumors per group. 
Both images were taken at ×10 magnification. G) There is approxi-
mately fivefold greater proliferation of mouse stromal cells in MCF-7 
xenografts treated with a FAP-activated prodrug. Quantitation of 
images represented in (F). Average of nine images per group. Error 
bars represent 95% CI. Asterisks indicate statistically significant diffe-
rence from untreated control, with P < .05, determined using mixed 
effects models (Note: the analysis used each individual replicate.) 
TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling; 
FAP = fibroblast activation protein α; RFU = relative fluorescence units;  
DAPI = 4′,6-diamidino-2-phenylindole; CI = confidence interval.

α-Smooth Muscle Actin TUNEL DAPI 

Untreated control 

20x 

ASGPAGP-A12ADT DSGETGP-A12ADT 

100μm 100μm 100μm 

100μm 

FAP TUNEL DAPI 

ASGPAGP-A12ADT Untreated control 

10x 

100μm 100μm 

20x 20x 

A 
B 

C D 

0.0

0.5

1.0

1.5

2.0

2.5

Untreated Control FAP-activated Prodrug

T
U

N
E

L
-P

os
iti

ve
 N

uc
le

i/F
ie

ld
 

 (F
ol

d 
of

 C
on

tr
ol

) 

* 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

Untreated Control FAP-activated
Prodrug

T
U

N
E

L
-p

os
iti

ve
 S

tr
om

al
 C

el
ls

/ T
ot

al
 

T
U

N
E

L
-p

os
iti

ve
 C

el
ls

 (%
) * 

E  

TUNEL Desmin /CD31 

Desmin CD31 

50μm 50μm 

F  

mKi - 67 FAP DAPI 

Untreated control FAP-activated prodrug 

G 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

Untreated Control FAP-activated Prodrug

M
ea

n 
N

um
be

r 
of

 m
K

i-6
7 

Po
st

iv
e 

C
el

ls
/1

0x
 F

ie
ld

 

* 

Figure 4 (Continued).



JNCI | Articles 1329jnci.oxfordjournals.org

cells. To assess this bystander effect, xenografts were costained 
for TUNEL positivity in combination with stains for desmin to 
demarcate pericytes and CD31 to indicate endothelial cells. In both 
cases, desmin-positive pericytes and CD31-positive endothelial 
cells with TUNEL-positive nuclei were observed in tumors treated 
with a FAP-activated prodrug (ASGPAGP-A12ADT) (Figure  4, 
E). These immunohistochemistry results demonstrate increased 
TUNEL-positive cells consistent with the induction of apoptosis 
within the tumor stroma. However, within this compartment, the 
level of staining for FAP and αSMA did not appear to decrease 
(Figure 4, A). These results suggest that the stromal compartment 
becomes repopulated because of either proliferation of remaining 
local cells or the invasion of mesenchymal stem cells to replenish the 
pool of FAP-expressing cells. To evaluate this question, we utilized a 
mouse-specific Ki-67 monoclonal antibody to determine the effects 
of the FAP prodrugs on proliferation within the mouse-derived 
stroma of human cancer xenografts. These results again demonstrated 
a remarkably low proliferative index within the stroma of untreated 
controls (Figure 4, F). However, 24 hours after the last FAP-activated 
prodrug dose (ASGPAGP-A12ADT), a fivefold increase in stromal 
cell proliferation was observed (Figure 4, F and G).

Efficacy of FAP-Activated Prodrugs Versus MCF-7 Human 
Breast Cancer Xenografts
Having demonstrated that the FAP-prodrugs preferentially killed 
stromal cells compared with malignant epithelial cells, we next per-
formed in vivo efficacy studies to determine if the effect on cells in the 
stromal compartment was of sufficient magnitude to inhibit overall 
tumor growth. To perform these efficacy studies, we first needed to 
determine the maximum tolerated dose for each prodrug. The single 
dose LD100 of the active form of the drug A12ADT was 10 nmoles/
dose (ie, approximately 0.3 mg/kg) (Figure  5, A). Treatment with 
A12ADT at the maximally tolerated dose of approximately 0.03 mg/
kg for three consecutive doses produced no effect on MCF-7 xen-
ograft growth (Figure 5, B). In contrast, the single dose LD100 for 
each prodrug was 100-fold higher at 1000  nmoles (approximately 
60–70 mg/kg). Subsequently, we determined that three consecutive 

daily IV injections of 100 nmoles (approximately 6–7 mg/kg) of each 
of the prodrugs exhibited no significant toxicity in the hosts during an 
observation period of more than 1 month (Figure 5, A).

On the basis of this survival study, we selected a dosing regi-
men consisting of three consecutive daily IV injections of each 
individual prodrug at 100 nmoles/dose. The plasma half-life (t1/2) 
of one of the prodrugs, ASGPAGP-A12ADT, was determined to 
be approximately 4.5 hours in nude mice (Figure 5, C). In addi-
tion, although mouse plasma hydrolyzed FAP substrates in vitro, 
we observed minimal activation (<0.1%) of the prodrugs in mouse 
plasma in vivo (Figure  5, C, inset). This apparent discrepancy 
between in vivo and ex vivo hydrolysis can potentially be attributed 
to clearance from circulation as a result of the short half-life of 
these compounds in vivo, in addition to differences in hydrolysis 
rates and specificity between the FAP-activated prodrug used here 
and the fluorescence-quenched peptide substrate used in the ex 
vivo analysis. We observed a statistically significant inhibition of 
tumor growth compared with untreated controls (mean tumor vol-
ume = 0.417 mm3, 95% CI = 0.342 to 0.492 mm3) following a single 
3-day course of the FAP-activated prodrugs, ASGPAGP-A12ADT 
(mean tumor volume = 0.247 mm3, 95% CI = 0.205 to 0.289 mm3), 
and DSGETGP-A12ADT (mean tumor volume  =  0.195 mm3, 
95% CI = 0.133 to 0.257 mm3) (Figure 5, D).

To confirm that the antitumor effect was due to FAP activa-
tion, a separate study was performed to compare the effect of two 
3-day cycles of the ASGPAGP-A12ADT prodrug to the scram-
bled and d-isomer prodrugs (Figure 5, E). In this study, only the 
FAP-activated prodrug (ASGPAGP-A12ADT) produced a meas-
urable antitumor effect with a maximal treated-to-control tumor 
volume ratio of .36 (treated: mean = 0.206 mm3, 95% CI = 0.068 
to 0.344 mm3; control: mean  =  0.580 mm3, 95% CI  =  0.267 to 
0.893 mm3) at day 21 after therapy. No statistically significant effect 
on body weight was observed in the prodrug-treated groups com-
pared with the untreated controls in these studies (Figure 5, F).

Consistent with the immunohistochemical studies demonstrat-
ing stromal selective death, we harvested MCF-7 tumors and used 
an EpCAM-based magnetic bead strategy to separate cells from 

Figure 5. Therapeutic index and efficacy of FAP-activated prodrugs ver-
sus MCF-7 breast cancer xenografts in vivo. A) Maximum tolerated dose 
(MTD) of FAP prodrugs in Balb-C mice (n = 3 per group). The MTD of the 
FAP prodrugs was 100-fold higher than that of the active drug without 
the peptide carrier. The number of mice surviving each dosing level is 
listed as a fraction of the total number of mice dosed at that level. The 
number of consecutive daily doses given at each level is listed in paren-
theses. B) Mice (nine per group) treated with A12ADT intravenously (IV) 
at the MTD (approximately 0.3 mg/kg) for three consecutive doses had 
no effect on the growth of MCF-7 xenografts compared with vehicle con-
trols. Error bars represent 95% CI. C) Half-life (t1/2) of ASGPAGP-A12ADT 
in mouse plasma was determined to be approximately 4.5 hours with no 
accumulation of the prodrug seen at 24 hours following the second and 
third doses. Inset shows that activation of the prodrug in mouse plasma 
in vivo represents less than 0.1% of the total amount given and is cleared 
rapidly. D) Mice bearing MCF-7 xenografts were treated intravenously 
with a single 3-day course of 100 nmoles/day (approximately 6–7 mg/
kg/day) with one of two FAP-activated prodrugs (ASGPAGP-A12ADT 
or DSGETGP-A12ADT) and compared with untreated control tumors. 
Graph represents the cumulative mean of four independent experi-
ments with approximately nine mice/group/experiment. Error bars 
represent 95% CI. Asterisks indicate statistically significant P < .05, 

determined using permutation test to compare means at each point. E) 
Mice bearing MCF-7 xenografts were treated with either a FAP-activated 
prodrug (ASGPAGP-A12ADT) or one of two non-FAP cleavable prodrug 
analogs (PETGRSG-E12ADT or ERGETGp-S12ADT, where “p” repre-
sents d-isomer of Pro) and compared with untreated control tumors. 
Treatment regimen consisted of two intravenous courses of three con-
secutive daily 100  nmole (~6–7 mg/kg) doses with a 2-week recovery 
period between cycle initiations. Each group contained 10–11 mice in a 
single experiment. Error bars represent 95% CI. Asterisks indicate statis-
tically significant differences from untreated control, with P < .05, deter-
mined using permutation test to compare means at each point. F) Effect 
of FAP-activated prodrug therapy on the body weight of mice. Error bars 
represent 95% CI. G) Active drug accumulation within the stromal com-
partment of tumors treated with a FAP-activated prodrug. Three animals 
bearing MCF-7 xenografts were treated with a FAP-activated prodrug, 
ERGETGP-S12ADT, for a single intravenous 3-day course of 100 nmoles/
day (6.8 mg/kg/day). Harvested tumors were digested and fractionated 
into epithelial and stromal cell populations based upon EpCAM expres-
sion. Concentrations of active drug present in these fractions were 
determined by LCMS, normalized to cell number, and expressed as a 
ratio (stromal:epithelial). CI = confidence interval; FAP = fibroblast acti-
vation protein α.
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Compound 
Surviving fraction (No. of consecutive daily doses) 

1nmole 10nmoles 100nmoles 300nmoles 1000nmoles 

ASGPAGP-A12ADT -- -- 3/3 (3) 3/3 (2) 0/3 (3) 0/3 (1) 

DSGETGP-A12ADT -- -- 3/3 (3) 3/3 (2) 0/3 (3) 0/3 (1) 

ERGETGP-S12ADT -- -- 3/3 (3) 3/3 (2) 0/3 (3) 0/3 (1) 

ERGETGp-S12ADT -- -- 3/3 (3) 3/3 (2) 0/3 (3) 0/3 (1) 

PETGRSG-E12ADT -- -- 3/3 (3) 3/3 (2) 0/3 (3) 0/3 (1) 

A12ADT 3/3 (3) 0/3 (1) 0/3 (1) -- -- 
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the stromal compartment (EpCAM−) from their epithelial neigh-
bors (EpCAM+) within the tumor. Using this methodology, we 
observed three- to fivefold higher levels of active A12ADT drug 
within cells of the stromal compartment compared with those in 
the epithelial cell fraction (Figure 5, G).

Efficacy of FAP-Activated Prodrugs Versus LNCaP Human 
Prostate Cancer Xenografts
To confirm that the antitumor effect was not confined to a sin-
gle cancer cell line, we performed additional studies using LNCaP 
human prostate cancer xenografts. Like the breast cancer model, 
strong FAP expression was observed in the xenograft stroma, which 
suggests that FAP expression in the mouse tumor-associated stroma 
may be a near universal phenomenon, as in human (Figure 6, A). 
A single 3-day course of the FAP-activated prodrug ERGETGP-
S12ADT produced an initial mean tumor regression of 30% for 1 
week after treatment followed by sustained growth inhibition that 

resulted in a maximal treated to control tumor volume ratio of 0.24 
(treated: mean = 0.131 mm3, 95% CI = 0.09 to 0.180 mm3; control: 
mean = 0.543 mm3, 95% CI = 0.173 to 0.913 mm3) on day 21 after 
therapy (Figure 6, B). Typical of LNCaP xenograft growth, there 
is a large degree of variation in the growth of untreated control 
tumors over time; in contrast, the treated tumors are tightly clus-
tered, demonstrating consistent inhibition of xenograft growth. In 
this model, the prodrug had a slight effect (ie, <15% decrease) on 
animal weight at 1 week after dosing, with weight recovering to 
baseline within an additional week (Figure 6, C).

Discussion
Immunohistochemical analysis confirmed stromal-selective cell 
death in tumors treated with a FAP-activated prodrug. This stro-
mal selective death produced by these FAP-activated prodrugs was 
of sufficient magnitude to result in substantial growth inhibition of 

50μm 

40x 

100μm 

20x 

α-Smooth Muscle ActinFAP DAPI

A     B  

C  

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 5 10 15 20 25

M
ea

n 
tu

m
or

 v
ol

um
e 

(c
c)

 

Days 

ERGETGP-S12ADT (n=10)

Untreated Control (n=10)

Dosed

* * * * * 

* 
* 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0 10 20 30 40 50

M
ea

n 
w

ei
gh

t (
g)

 

Days 

ERGETGP-S12ADT (n=10)
Untreated Control (n=10)
Dosed

Figure 6. Efficacy of FAP-activated prodrugs versus LNCaP prostate can-
cer xenografts in vivo. A) FAP expression in the stroma of LNCaP human 
prostate cancer xenografts as indicated by the colocalization of both 
FAP (green) and α-smooth muscle actin (red). Nuclei are counterstained 
with DAPI (blue). Images are representative and were taken at ×20 
(left panel) and ×40 (right panel) magnification. Scale bars: left panel, 
100  μm; right panel 50  μm. B) Male nude mice (10 per group) bear-
ing LNCaP xenografts were treated intravenously with a single 3-day 
course of 100 nmoles/day (6.8 mg/kg/day) with a FAP-activated prodrug, 
ERGETGP-S12ADT, and compared with untreated controls. Error bars 

represent 95% CI. Asterisks indicate statistically significant differences 
from untreated control, with P < .05, determined using permutation 
test to compare means at each point. C) Mice bearing LNCaP xeno-
grafts (Figure  5, B) treated with the ERGETGP-S12ADT FAP-activated 
prodrug showed minimal weight loss (<15%) and returned to baseline 
within 1 week after cessation of therapy. Error bars represent 95% CI. 
Asterisks indicate statistically significant differences from untreated 
control, with P < .05, determined using permutation test to compare 
means at each point. FAP =  fibroblast activation protein α; DAPI = 4′, 
6-diamidino-2-phenylindole; CI = confidence interval.
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human breast and prostate cancer xenografts. These studies dem-
onstrate that the selected FAP-activated prodrugs produce an anti-
tumor effect through selective death of tumor-associated stromal 
cells without excessive toxicity to the host.

Although surprisingly little is known about FAP’s physiological 
role or substrates, there has been intense investigation into the 
potential exploitation of FAP as a therapeutic target in the two decades 
since its discovery (11,29,51–57). This attention derives from FAP’s 
relatively restricted expression within the reactive stroma associated 
with as many as 90% of all solid malignancies (12,19–21) with no or 
minimal expression seen in adjacent normal tissue. In contrast, FAP 
is not observed at high levels in a normal, healthy adult outside areas 
of wound healing, although it has been implicated in other disease 
states, such as liver cirrhosis (58), rheumatoid and osteoarthritis (59), 
bone and soft tissue sarcomas (60), and various fibrogenic disorders 
(61). The therapeutic strategies explored to date have focused on 
inhibition of FAP’s enzymatic activity using antibody- or small 
molecule inhibitor-based approaches (29,51–57). These approaches 
rely on the assumption that FAP expression is protumorigenic. 
Multiple studies interrogating FAP’s role in tumorigenesis have 
yielded contradictory results relative to tumor growth and survival. 
FAP has been implicated in tumor promotion through multiple 
studies demonstrating increases in tumor incidence, growth, and 
microvessel density using a variety of in vivo models (51,62–64). 
In contrast, FAP expression decreased tumorigenicity in mouse 
models of melanoma (65) and was associated with longer survival 
in patients with invasive ductal carcinoma of the breast (66). These 
conflicting results suggest that FAP’s function may be dependent 
upon the tissue or exact context of its expression within different 
tumor microenvironments.

One advantage of this FAP-activated prodrug strategy is that it 
should have a therapeutic benefit independent of FAP’s role in tumor 
pathophysiology because it relies only upon FAP’s presence and 
unique post-prolyl endopeptidase activity to selectively activate a 
prodrug in the tumor microenvironment. FAP is a membrane-bound 
protease whose catalytic site has access to the peritumoral fluid of 
the tumor microenvironment where it can activate the prodrug. 
This extracellular activation results in the death of CAFs but also 
produces a bystander effect as demonstrated by the death of pericytes 
and endothelial cells within these xenografts. Finally, the selection of 
a thapsigargin analog as the cytotoxic “payload” is equally important 
for the success of the strategy because this highly lipophilic 
agent, upon release from the peptide, rapidly accumulates within 
nonproliferating stromal cells and induces cell-cycle independent 
apoptosis. Our hypothesis was that a therapeutic effect could be 
achieved by exploiting a stromal-restricted protease for activation 
of a cytotoxic compound within the tumor microenvironment. The 
hypothesis is supported by data demonstrating that tumor growth 
is inhibited by FAP-activated prodrug treatment of human cancer 
xenografts. Furthermore, immunohistochemical staining of tumors 
treated with a FAP-activated prodrug (ASGPAGP-A12ADT) shows 
stromal-selective cell death and a bystander effect on pericytes and 
endothelial cells in areas adjacent to FAP expression. Moreover, 
fractionation of ASGPAGP-A12ADT prodrug-treated tumors 
into epithelial and stromal populations reveals a three- to fivefold 
accumulation of the active drug within the stroma compared 
with the malignant epithelium. The mechanism underlying this 

antitumor effect is not known and currently under study. However, 
the antitumor efficacy may be due to direct cytotoxic effects on the 
FAP-expressing population (CAFs), a bystander effect targeting 
the vasculature and epithelial cells, or a combination of effects on 
primary and secondary targets. Additionally, uptake of the TG analog 
can profoundly alter protein expression and therefore may affect 
release of growth and survival signals (67). Finally, Kraman et al. (10) 
recently demonstrated that selective elimination of FAP-positive 
stromal cells using a diphtheria toxin receptor transgenic mouse 
model by itself could produce tumor growth inhibition, which 
supports our data. Additionally, elimination of FAP-positive stromal 
cells significantly augmented tumor immunogenicity and regression 
of murine pancreatic xenografts in mice previously immunized with 
a mesothelin peptide (10). Although this immune-based mechanism 
does not explain the antitumor effect we observed because our 
xenograft experiments were performed in immunocompromised 
mice that lack T-cell function, it does suggest that combining the 
FAP prodrug with a vaccine strategy may warrant testing.

Although the results of the current study are encouraging and 
suggest that a therapeutic effect can be achieved through targeting 
stromal elements within the tumor, there are limitations. As dis-
cussed, we did observe hydrolysis of the peptide substrates in the 
plasma, suggesting that enzymatically active FAP or a FAP-like activ-
ity is present in the circulation or the substrates used are not entirely 
specific for FAP. Importantly, this activity was far less pronounced in 
vivo with minimal levels of active drug detected in the circulation. 
Furthermore, no toxicity was observed in treated animals during 
the course of the study. In addition, the current study is limited to 
two xenograft models representing either breast (MCF-7) or pros-
tate (LNCaP) cancer. Therefore, although FAP expression by mouse 
stromal cells within human cancer xenografts is most likely consist-
ently occurring across xenograft models, these experiments should 
be repeated with other models to validate the general applicability 
of this therapeutic strategy to a broad range of solid tumors types, 
as would be predicted from FAP’s expression pattern (12,19–21). 
Finally, these prodrugs slow tumor growth in these models but do 
not induce a complete regression, suggesting that combination with 
other treatment modalities may be necessary to achieve a cure.

In conclusion, these studies validate FAP as a promising target 
for activating a systemically delivered cytotoxic prodrug within the 
tumor microenvironment. This study provides evidence that tar-
geting cells within the tumor stroma, independent of the cancer 
cells themselves, could be a viable strategy for cancer management. 
Future studies will be directed toward further optimization of this 
prodrug approach and exploring the effectiveness of a FAP-activated 
prodrug in combination with other therapeutic modalities, includ-
ing chemotherapy, radiation, and immune-based therapies.
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