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Abstract. Targeted delivery of toxins is a promising way to
treat disseminated cancer. The use of monoclonal antibodies
as targeting moiety has provided proof-of-principle for
this approach. However, extravasation and tissue penetra-
tion rates of antibody-based immunotoxins are limited due
to antibody bulkiness. The use of a novel class of targeting
probes, Affibody molecules, provides smaller toxin-conju-
gated constructs, which may improve targeting. Earlier,
we have demonstrated that affitoxins containing a HER2-
targeting Affibody moiety and a deimmunized and truncated
exotoxin A from Pseudomonas aeruginosa, PE38X8, provide
highly selective toxicity to HER2-expressing cancer cells. To
evaluate the influence of molecular design on targeting and
biodistribution properties, a series of novel affitoxins were
labelled with the residualizing radionuclide 'In. In this study,
we have shown that the novel conjugates are more rapidly
internalized compared with the parental affitoxin. The use of
a (HE); purification tag instead of a hexahistidine tag enabled
significant (p<0.05) reduction of the hepatic uptake of the
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affitoxin in a murine model. Fusion of the affitoxin with an
albumin-binding domain (ABD) caused appreciable extension
of the residence time in circulation and several-fold reduction
of the renal uptake. The best variant, "''In-(HE);-Zypr,-ABD-
PE38X8, demonstrated receptor-specific accumulation in
HER2-expressing SKOV-3 xenografts. In conclusion, a careful
molecular design of scaffold protein based anticancer targeted
toxins can appreciably improve their biodistribution and
targeting properties.

Introduction

Chemotherapeutic treatment efficacy of disseminated cancer
is limited by the indiscriminate toxicity of conventional
agents. The use of monoclonal antibodies (mAbs), which
selectively target cancer-specific antigens, increases treatment
specificity in comparison with conventional chemotherapy.
However, the clinical validation of therapeutic antibodies has
revealed a modest efficacy of unconjugated mAbs (1,2). A
considerable number of patients were inherently resistant to
unconjugated mAbs and the majority acquired resistance over
time (3). The use of immunotoxins, which consist of a cyto-
toxic molecule coupled to an antibody or antibody fragment,
selective for a cancer-specific antigen, is a possible approach
to improve the efficacy of mAb therapy. The use of a potent
cytotoxic drug and specific delivery of the drug conjugate to
the tumour creates preconditions to improve the therapeutic
outcome (4). The toxin PE38 (38 kDa), a truncated version of
Pseudomonas aeruginosa exotoxin A, has been widely used
in designing immunotoxins with high cytotoxic activity (5).
After translocation to the cytosol, PE catalyses irreversible
ribosylation of elongation factor 2 (EF-2). This consequently
inhibits protein synthesis and leads to cell death. Derivatives
of PE38 have been coupled to both immunoglobulin- (6) and
non-immunoglobulin-based (7-10) targeting agents for treat-
ment of several types of cancer. Such constructs showed an
appreciable efficacy in preclinical models. However, PE38 was
found to trigger immune responses, which limited repeated
administration. Identification and removal of B- and T-cell
recognition epitopes resulted in development of less immuno-
genic variants, such as PE38X8 (11-15).
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The successful use of targeted toxins is hampered by a
number of physiological barriers (16). A precondition for
effective treatment is delivery of the cytotoxic agent to as many
cancer cells as possible, which is difficult with antibodies as
targeting vectors due to their large size. The antibody variable
fragments, scFv and dsFv, have been extensively studied as
promising targeting moieties for PE38-based immunotoxins in
preclinical settings. Due to their smaller size compared to full-
length mAbs, these molecules provided better penetration of
solid tumours. Such constructs have successfully been applied
for targeting HER2-overexpressing breast (17,18), ovarian (19),
prostate (20) and gastric (21) cancers. However, these small,
toxin-conjugated domains had insufficient tumour localiza-
tion due to their short plasma half-life (low bioavailability)
in combination with a low maximum tolerated dose (MTD),
which limited the amount of drug that could be injected
(22,23).

An alternative approach for the development of high
affinity, small-size tumour targeting agents is the use of non-
immunoglobulin scaffold proteins. Affibody molecules are the
first type of scaffold protein that has been applied for in vivo
targeting. They are based on a 58-amino acid (6.5 kDa) scaffold
derived from the B domain of staphylococcal protein A (24).
By randomization of 13 surface amino acids, combinatorial
libraries have been created. From these libraries, high-affinity
Affibody variants binding with exquisite selectivity and sub-
nanomolar affinity to desired molecular targets have been
selected. These include HER2 (25), EGFR (26), IGF-1R (27),
PDGFRp (28), and HER3 (29). Affibody molecules have been
successfully labelled with radionuclides including '''In, *"Tc,
%Ga, ', and "*F (26,29-32) or fluorophores (33,34) for in vivo
imaging. The B-emitting nuclides, ""Lu and '*¥Re (35-37), and
toxins (8,9) were conjugated to Affibody molecules for thera-
peutic applications. The radiolabelled anti-HER2 Affibody
molecule Zyggo.0501, Showed specific tumour accumulation and
high-contrast imaging in clinics (38,39). Due to their small
size, high affinity and relatively easy recombinant production
in prokaryotes, Affibody molecules represent a promising
alternative to immunoglobulin-based fragments for toxin
delivery. The feasibility of using the anti-HER2 Affibody
molecule (Zyggro340) genetically fused with the PE38-toxin
has been demonstrated in vivo by Zielinski et al (9). However
the affitoxin construct exhibited a short residence time in the
bloodstream (t,,= 8.69+1.31 min) due to rapid renal clearance.
This made it necessary to inject the construct repeatedly in
order to achieve therapeutically meaningful doses in murine
models. Methods for prolongation of the in vivo half-life of
Affibody-based targeting agents were developed earlier in
our laboratories (35,36). The Affibody molecule was fused
with an albumin-binding domain (ABD) derived from the
GA148-GA3 domain of streptococcal protein G (40), which
resulted in binding to albumin in vivo and prevention of
glomerular filtration. In addition, binding to albumin enables
rescue by the FcRn-pathway from intracellular catabolism (41).
The engineered ABD variant ABD;; binds with femtomolar
affinity to human serum albumin as well as sub-nanomolar
affinities to serum albumin from rat, mouse and cynomolgus
monkey (42). Binding of the construct Zygrs.250;-ABDs5 to
serum albumin was clearly demonstrated in animals (36).
The elimination half-life of the parental Zygg,.,40, Affibody
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molecule from blood was increased 80-fold when conjugated
to ABD,;s. In addition, the capacity of specific targeting of
HER2-expressing xenografts was preserved in ABD-fused
Affibody molecules (36).

The fusion toxin (Zgg,.34.-PE38) reported by Zielinski et al
(9), showed an elevated accumulation in the liver. That construct
contained a Hexahistidine-tag to facilitate purification by
immobilized metal ion affinity chromatography (IMAC). We
have previously observed that the presence of an N-terminally
placed hexahistidine-tag in Zygg,.34, l€ads to elevated unspecific
uptake in the liver. Incorporation of negatively charged gluta-
mate residues into a histidine-containing-tag (resulting in a tag
with the amino acid sequence HEHEHE or (HE),) significantly
reduced liver uptake, while still allowing efficient purification
by IMAC (43). We have recently constructed and evaluated in
vitro a novel tripartite fusion toxin (Zyggy.050-ABD-PE38X8),
which includes the deimmunized PE38X8-toxin fused to the
HER2-binding Affibody molecule HEHEHE-Z;;z,.40; and
the half-life extending albumin binding domain ABD;s (10).
The fusion toxin was successfully produced in E. coli and all
three components of the construct preserved their function-
ality. Despite the lower affinity of Zygr,..50-ABD-PE38X8
compared to the parental Zygg,.,50, molecule, the cytotoxic
potency of the fusion toxin was 1000-fold higher compared to
a non-specific control.

In this study, we have evaluated the influence of modifica-
tions in the molecular design of affitoxins on cellular processing
and biodistribution properties. For this purpose, several affi-
toxin-variants were labelled with the residualizing radionuclide
Tn, The internalization by living HER2-expressing cells was
measured, the influence of the composition of the histidine-
containing tag on biodistribution was evaluated, and the effect
of fusion to ABD on blood clearance rate was investigated.
The tumour targeting properties of the most promising variant,
Zyrr22s0-ABD-PE38X8, were assessed.

Materials and methods

General. Affibody-based toxins Hg-Zygr,-PE38, (HE);-Zpro-
PE38X8, (HE);-Zygr,-ABD-PE38X8 and (HE);-Z,,,-ABD-
PE38X8 were produced and analyzed as described earlier
(10). HER2-expressing SKOV-3 cells (ATCC) were used in all
experiments. For in vitro experiments 7x10° SKOV-3 cells per
dish were seeded the day before the experiment. An unpaired
t-test was used to determine significant difference (p<0.05)
between measured values.

Conjugation and labelling. For labelling with "'In, affitoxins
were conjugated with a benzylisothiocyanate derivative of
the CHX-A"-DTPA chelator (Macrocyclics, Dallas, TX,
USA) as described earlier (44). For this purpose, the protein
(630-1,100 pg in 490 pl 0.07 M sodium borate, pH 9.3) was
mixed with 1.1-fold molar excess of CHX-A"-DTPA (1 mg/ml in
the same buffer). The mixture was vortexed and then incubated
overnight at ambient temperature. For removal of unreacted
chelator and buffer exchange, the mixture was passed through
a NAP-5 column (GE Healthcare, Uppsala, Sweden), equili-
brated and eluted with 0.2 M ammonium acetate, pH 5.5. The
high molecular weight fraction was collected according to
the manufacturer's instructions. The conjugate was stored at
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-20°C. This methodology provides conjugation of an average
of one chelator per Affibody molecule.

Labelling was performed by mixing the conjugate (200 ug
in 200 p1 0.2 M ammonium acetate, pH 5.5) with '"'In chloride
(15 MBq in 40 u1 0.05 M HCI). After 60-min incubation at
r.t., the radiolabelled conjugate was purified using a NAP-5
column pre-equilibrated and eluted with PBS. Radiochemical
yield and purity of the conjugates were determined using silica-
impregnated ITLC strips (150-771 Dark Green Tec-Control
Chromatography strips, Biodex Medical Systems) eluted with
0.2 M citric acid. The relative radioactivity associated with the
affitoxins (R=0.0) and free ""In (R, =1.0) was measured using
the Cyclone Storage Phosphor System (Perkin-Elmer).

Cellular binding and processing by HER2-expressing cells
in vitro. An in vitro specificity test was performed according
to the method described earlier (45). Briefly, a solution of
radiolabelled affitoxin (10 nM) was added to the cell plates.
For blocking, 1 yuM of non-labelled anti-HER2 Affibody
molecule (Hg-Zygr034,) Was added 15 min before the radiola-
belled conjugates to saturate the receptors in some of dishes.
The cells were incubated during 1 h at 37°C. Thereafter, the
medium was collected, the cells were detached by a trypsin-
EDTA solution and cell-bound radioactivity was measured
using an automated y-spectrometer (1480 Wizard; Wallac Oy).
The experiment was performed in triplicates.

To assess the rate of internalization of the radiolabelled
affitoxins by SKOV-3 cells, a modified acid wash method
was used (45). Briefly, the cells were incubated with the
radiolabelled affitoxins (10 nM) at 37°C. At 1,2,4and 6 h
after incubation start, the medium was removed. To collect
membrane-bound radioactivity, the cells were treated with
0.2 M glycine buffer containing 4 M urea, pH 2.5, for 5 min on
ice. To collect radioactivity internalized by the cells, treatment
with 1 M NaOH at 37°C for 0.5 h was performed. The radioac-
tivity of the collected fractions was measured. The experiment
was performed in triplicates.

The affinity between radiolabelled affitoxins and living
HER2 expressing SKOV-3 cells was measured using a
LigandTracer Yellow instrument (Ridgeview Instruments,
Vinge, Sweden) as described earlier (46). To measure the
kinetics during association, three different concentrations (0.7,
2 and 6 nM) of the affitoxins, 'In-(HE);-Z;zr,-P38X8 and
Mn-(HE);-Zyer,-ABD-P38X8, were used.

Animal studies. The animal experiments were planned and
performed in accordance with national legislation on protec-
tion of laboratory animals. The animal studies were approved
by the Local Ethics Committee for Animal Research in
Uppsala.

The influence of the composition of the histidine-containing
tag on hepatic uptake.To evaluate the influence of the compo-
sition of the histidine-containing tag, one group of four mice
was injected with 2.4 ug (51 pmol) of the hexahistidine-tag
containing affitoxin, "In-Hg-Zyr.-PE38 (20 kBq in 100 ul
PBS per mouse). Another group of mice was injected with
2.4 ug (51 pmol) of "In-(HE);-Zpr,-PE38X8 containing
the HEHEHE-tag (20 kBq in 100 u1 PBS per mouse). The
mice were sacrificed 4 h after injection by an overdose
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of anaesthesia solution (30 ul of solution per gram body
weight; Ketalar: 10 mg/ml; Rompun: 1 mg/ml). Blood was
withdrawn by heart puncture. Blood, heart, lung, salivary
gland, liver, spleen, pancreas, stomach, kidney, colon, skin,
muscle, bone, gastrointestinal tract (with its content) and
remaining carcass were collected and weighed. The radioac-
tivity of the organs and standards of injected solutions was
measured using an automated gamma-spectrometer (1480
Wizard; Wallac Oy). Tissue uptake values were calculated
as percent of injected dose per gram tissue weight (%ID/g)
except for the gastrointestinal tract (with its content) and
remaining carcass, which was calculated as %ID per whole
tissue sample.

The influence of ABD-fusion on biodistribution. To compare
the biodistribution of ""'In-(HE);-Zygr,-ABD-P38X8 and
"n-(HE);-Zyggro-P38X8, thirty-two female NMRI mice
(27.3+£2 g) were randomised to eight groups with four mice
each. Four groups were intravenously injected with 2.4 ug
(51 pmol) of ""In-(HE);-Zygr,-P38X8, and four groups with
2.4 ug (48 pmol) ""In-(HE);-Zygr,-ABD-P38X8. The injected
radioactivity was 20 kBq per mouse. At 1,4, 24 and 48 h after
injection, the distribution of each conjugate was measured in
one group of mice, as described above.

Biodistribution of "'In-(HE);-Zyzr,-ABD-P38X8 in tumour
bearing mice. For tumour implantation, female Balb/c
nu/nu mice (Charles River Laboratories) were subcutaneously
injected with 8x10% SKOV-3 cells on the right hind leg. At the
time of experiment the average tumour weight was 0.52+0.15 g
and the average animal weight was 18.6+0.98 g.

The mice were randomized into four groups (n=4). Three
groups were intravenously injected with 2 pug (40 pmol)
HER2-specific ""In-(HE);-Zygr,-ABD-P38X8 (20 kBq in
100 ul of PBS per mouse). Mice were euthanized at 1, 4 and
24 h after injection, and the biodistribution was measured as
described above. To confirm that the tumour accumulation
of "In-Zyzr,-ABD-PE38X8 is HER2-specific, an additional
group of mice was injected with 2 pg (40 pmol) ""In-(HE)-
Z,,,~ABD-PE38X8 (20 kBq in 100 1 of PBS per mouse). The
mice were euthanized at 24 h after injection and the biodistri-
bution was measured.

Toxicity of (HE);-Zyr,-ABD-P38X8. Eighteen female Balb/c
mice (Taconic M&B) were randomized into three groups
(n=6). The average animal weight was 21.4+0.5 g. The mice
received five intravenous injections of (HE);-Zzz,-ABD-
P38X8 (0.137, 0.275 or 0.55 mg/kg, every fourth day). The
mice were followed for 9 days after the last injection (total
of 25 days after the start of the experiment) to observe any
dose-dependent signs of morbidity or mortality. The response
to treatment was assessed according to the Guidelines for
Pain and Distress in Laboratory Animals from the National
Institute of Cancer (NIH, USA) adopted by Uppsala University.
Assessment parameters included exterior, general conditions,
behaviour, stress, pain, ataxia, appetite, sores and blistering,
eye's inflammation, porphyria, function of urinary and gastro-
intestinal systems, respiration and body weight. After the mice
were sacrificed the heart, liver and kidneys were collected,
fixated and further investigated.
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Figure 1. Specificity of binding of !''In-labelled affitoxins to HER2-expressing
SKOV-3 ovarian cancer cells in vitro. For pre-saturation of HER?2 on the cells
(blocked), a 100-fold molar excess of unlabelled Affibody molecule was
added prior to the 'In labeled affitoxins. The experiment was performed in
triplicates. Error bars correspond to + SD.

Results

Production and initial characterization. Essentially pure
affitoxins (purity >95%) could be obtained after expression
in Escherichia coli followed by purification by IMAC, anion
exchange chromatography and gel filtration. The molecular
mass of each construct was verified by mass spectrometry.
The equilibrium dissociation constant between the affitoxins
and HER2 was measured by a biosensor and was found to be
between 2 and 5 nM for Zz,-containing constructs following
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a 1:1 binding model. The Z,,,-containing construct has no
measurable affinity to HER2.

Conjugation and labelling. The labelling yield was >99%
for ""In-Hg-Zypr,-PE38 and "'In-(HE);-Z,;xr,-PE38X8. For
""n-(HE);-Zypro.-ABD-P38X8, the yield was in the range of
84-95%. Purification using NAP-5 size-exclusion columns
provided a radiochemical purity of >99% for all labelled
affitoxins. The labelling yield of the control Affibody (HE);-
Z,,,~ABD-PE38X8 was 90.5% and its radiochemical purity
was 99.9%.

Cellular binding and processing by HER2-expressing cells
in vitro. Binding of ""In-labelled Hg-Zypr,-PE38, (HE);-Zypro-
PE38X8, and (HE);-Zygr,-ABD-PE38X8 to SKOV-3 cells was
HER?2 specific. The cell associated radioactivity was signifi-
cantly reduced when the receptors were pre-saturated with a
large excess of non-labelled anti-HER2 Affibody molecule
(He-Zngras40) (Fig. D).

All conjugates demonstrated rapid binding to HER2-
expressing cells and cell associated radioactivity reached
a plateau after 1-2 h of incubation (Fig. 2). Cell counting
demonstrated that 6 h after incubation with a 10 nM solution of
conjugate, the amount of cells per dish decreased marginally.
The internalisation pattern of "'In-Hg-Zygr,-PE38 differed
from that of ""In-(HE);-Zygr,-PE38X8 and ''In-(HE);-
Zysro-ABD-P38X8. The ""In-H¢-Zyr,-PE38 affitoxin had
an internalisation pattern similar to its parental molecule
Mn-DOTA-Zypro340 (45), characterised by slow internalisa-
tion. After 6 h of continuous incubation, <30% of cell associated
radioactivity was internalised, but neither cell uptake nor the
internalised fraction increased after 2 h of incubation. The
internalisation pattern of '""'In-(HE);-Zygr,-PE38X8 and
"n-(HE);-Zypr,-ABD-P38X8 demonstrated very rapid inter-
nalisation and after 2 h of continuous incubation, 65-70% cell
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Figure 2. Cellular processing of '"In-labelled H¢-Z;zr,-PE38 (A), (HE);-
Zuero-PE38X8 (B) and (HE);-Zyggr,-ABD-PE38X8 (C) by SKOV-3 cells
during continuous incubation. Data are presented as an average value from
3 samples + SD.
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Figure 3. Representative LigandTracer sensorgrams (binding of "'In-(HE);-Z;zr,-ABD-PE38x8 (A) and ""In-(HE);-Z;;zr,-PE38x8 (B) to SKOV-3 cells).
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Figure 4. Comparative biodistribution of ""'In-H¢-Z;zr,-PE38 and '"'In-(HE),-
Z,5ro-PE38x8 in female NMRI mice, 4 h after injection. The uptake values
are presented as an average value from 4 animals + SD.

associated radioactivity was internalised. Further incubation
led to slight decrease of the internalised fraction.

The results from the real-time radiotracer-receptor interac-
tion measurement, using a LigandTracer, are shown in Fig. 3.
The association and dissociation phases of '"'In-labeled (HE)-
Zyero-ABD-P38X8 and (HE);-Z5r,-P38X8 with SKOV-3 cells
were best fitted to a 1:2 interaction model, suggesting that each
conjugate has two dissociation constants: Ky, = 0.35+0.01 nM
and K, = 262 nM for "In-(HE);-Zyzr,-ABD-P38X8, and
Ky, = 1.28+0.02 nM and K5, = 5426 nM for 'In-(HE);-Z ygro-
P38X8.

The influence of the composition of the histidine-tag
on hepatic uptake. Data concerning the influence of the
composition of the purification tag on biodistribution of the
anti-HER2 Affibody fused-toxins are presented in Fig. 4.
The HEHEHE-containing variant ""In-(HE);-Z yzr,-PE38X8
demonstrated significantly (p<0.05) lower uptake in the liver
compared to ""In-Hg-Zyer,-PE38 (16.2+0.8 vs 20+2%ID/g). It
has to be noted, that the hepatic uptake remained high even
for "In-(HE);-Zyzr.-PE38X8. The radioactivity concentration
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Figure 5. Biodistribution of "''In-ZHER2-ABD-PE38x8 in female Balb/c nu/nu
mice bearing HER2-expressing SKOV-3 xenografts. Data are presented as an
average value from 4 animals + SD.

of "In-(HE);-Z yr,-PE38X8 was also significantly (p<0.05)
lower in blood, heart and lung. The renal uptake was signifi-
cantly higher for ""In-(HE);-Zyzr,-PE38X8 (84+5%ID/g)
compared to ""'In-Hg-Zypr,-PE38 (73£5%ID/g).

Influence of ABD-fusion on biodistribution. The comparison
of biodistribution of "'In-(HE);-Zygr,-ABD-PE38X8
and '""In-(HE);-Zygr,-PE38X8 in female NMRI mice is
summarized in Table I. The data showed prominently higher
concentration of ""In-(HE);-Zzr,-ABD-PE38X8 in the blood
compared to the non-ABD fused '"In-(HE);-Zzr,-PE38X8
variant, at all time-points. This resulted in overall 2-fold-
higher body retention of '""In-(HE);-Z yzr,-ABD-PE38X8. The
data also demonstrated a 5-fold-lower radioactivity uptake in
the kidneys for "In-(HE);-Zygr,-ABD-PE38X8. There was
similar uptake of both conjugates in the liver and gastroin-
testinal tract at all time-points. The longer residence time in
blood of ""In-(HE);-Zyrr,-ABD-PE38X8 was not directly
translated to elevated uptake in the studied organs.

Biodistribution of "'In-(HE);-Zyzr,-ABD-PE38X8 in
tumour bearing mice. Data concerning the biodistribution
of "In-(HE);-Zyr,-ABD-PE38X8 in mice bearing SKOV-3
xenografts are presented in Fig. 5. The data were in good
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Figure 6. Comparative biodistribution of '"'In-labelled Zj;z,-ABD-PE38x8
and Z,,-ABD-PE38x8 in female Balb/c nu/nu mice bearing HER2 expressing
SKOV-3 xenografts. Data are presented as an average value from 4 animals
+SD.
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Figure 7. Change in weight over time in female Balb/c mice injected with
different doses of (HE);-Z;;zr,-ABD-P38x8 as indicated by arrows. Data are
presented as an average value from 6 animals + SD.

agreement with the biodistribution data in healthy NMRI
mice except for elevated uptake in blood, liver, spleen and the
kidneys, which can be explained by a difference in weight and
volume. The tumour accumulation of ""In-(HE);-Zygg,-ABD-
PE38X8 was 1.6+0.4%ID/g at 1 h after injection and continued
to increase with time up to 5.5+1%ID/g at 24 h after injection.
By 24 h after injection, the uptake in the tumour was higher than
the uptake in any other studied organ except for the liver, spleen
and the kidneys. The results of the targeting specificity test
are presented in Fig. 6. The radioactivity concentration in the
tumour was 2.7-fold higher for ""'In-(HE);-Zzr,-ABD-PE38X8
than for the control fusion toxin ''In-(HE),-Z,,,~-ABD-PE38X8,
which does not bind to HER2 (p<0.05). There was no signifi-
cant difference in the radioactivity concentrations in any other
organs and tissue samples.

Toxicity of (HE);-Zygr,-ABD-PE38X8. No morbidity (change
in weight, appearance or behaviour) or mortality was
observed in the groups injected with 0.137 and 0.275 mg/kg
(HE);-Zgr,-ABD-PE38X8. One mouse in the group injected
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with 0.55 mg/kg affitoxin had a critical weight loss and was
euthanized after the third injection. Other mice in this group
started to lose weight after the second injection (day 8) but
recovered by day 14 (Fig. 7). However tissue viability analysis
of the heart, liver and kidneys from this group did not show
any morphological differences or signs of injury compared to
tissues from the other two groups (data not shown).

Discussion

The successful therapeutic implementation of Affibody-
based toxin is hampered by their short residence time in the
circulation and uptake in normal tissues, particularly the liver
(9). Previous data suggest that small changes in the physio-
chemical properties of Affibody-based targeting agents may
influence tumour targeting properties and overall biodistribu-
tion considerably (47). In this study, an adequate toxin delivery
was achieved by modification in the molecular design of the
affitoxin molecule. This involved the use of the deimmunized
toxin PE38X8, prolongation of the plasma half-life by conjuga-
tion to ABD and minimization of the uptake in normal tissues
(particularly liver) using the HEHEHE-tag.

Zielinski and co-workers, developed and studied a recom-
binant protein combining a HER2-specific Affibody and the
PE38 toxin (Hg-Zyer,-PE38) (9). Their HER2-Affitoxin was
labelled with DyLight 750 dye and characterization was done
using near-infrared optical imaging. A main disadvantage
with optical imaging is its lower sensitivity because of the
high photon absorption by tissues. This makes the technique
more suitable for image guided diagnosis or surgery but does
not permit exact quantification of uptake in different tissues
i.e., it is semi-quantitative (33,48). On the other hand, the
use of radioactive labels enables more sensitive tracking of
the studied constructs and accurate quantification of tissue
distribution. Therefore, our affitoxin variants were labelled
with the radiometal ""In to permit exact measurement of
the biodistribution. We expect that after internalization, the
internalized radiometal accumulates inside the cells i.e.,
residualises. This would allow estimation of the affitoxin
amounts internalized by different tissues. Kobayashi and
co-workers have earlier compared the biodistribution of the
anti-Tac(Fv)-PE38 immunotoxin labelled with '"'In (residual-
izing) or I (non-residualizing) (49). They observed significant
differences in uptake of the immunotoxin in the tissues that
internalize it (liver and kidneys) with different labels. The
biodistribution of '*I-labeled anti-Tac(Fv)-PE38 showed low
renal accumulation of the immunotoxin. However, the biodis-
tribution of the '"'In-labeled variant suggests that the critical
organ of anti-Tac(Fv)-PE38 toxicity should be the kidney.
They finally concluded that in the case of a radiolabelled
PE38-fused immunotoxin, '"'In is a more appropriate label to
reflect conjugate delivery to tissue.

All three constructs were efficiently labelled with "'In
using the CHX-A"-DTPA chelator under the selected labelling
conditions with high stability of the radiolabel. The three conju-
gates were capable of specific binding to HER2-expressing
cells, indicating no apparent influence on the binding capacity
of the affitoxins to HER?2 after labelling (Fig. 1).

Interestingly, the novel constructs containing the
HEHEHE-tag demonstrated more rapid internalization by
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SKOV-3 cells in comparison with the H¢-tag containing variant
developed by Zelienski and co-workers and the parental
Affibody molecule DOTA-Zygro54 (45) (Fig. 2). Part of the
explanation can likely be attributed to the noticeable modi-
fications on both its N- (incorporation of the HEHEHE-tag)
and C- (the use of modified PE38X8 derivative) termini in
comparison with Hg-Zyger,-PE38 and DOTA-Z;gg5.34,- These
changes influence the overall structure and the local charge
concentration of the affitoxin, which might interfere in
different ways with Affitoxin-HER?2 receptor interaction. We
have earlier observed similar effects on the internalization
rate when Affibody molecules were modified using different
chelating moieties and even when the same chelator was used
for labelling Affibody molecules with different radionuclides
(47,50). Regardless of the underlying reasons, the higher inter-
nalization (rate and total amount) of the HEHEHE-containing
constructs may improve efficacy of cancer treatment because
of enhanced delivery of toxins inside the malignant cells. The
measured affinity of 'In-labeled- (HE);-Zypr,-ABD-PE38X8
and (HE);-Zygr,-~ABD-PE38X8 to the HER2-receptor on
cells was in the low nanomolar range and in agreement with
previously reported data for the same conjugates (Fig. 3) (10).
This demonstrates no alteration of the constructs' affinity by
radiolabelling. An interesting finding from the LigandTracer
experiment was that the interaction of the new conjugates with
SKOV-3 cells most resembled a 1:2 interaction. Earlier we
have found that binding of anti-HER2 Affibody molecules to
HER?2-expressing cell lines in vitro is influenced by the inter-
action of the target receptors with other co-expressed HER
family receptors (51). The change in receptor conformation
due to heterodimerization might result in weaker interactions
of the affitoxin with a sub-set of the receptor molecules, which
would lead to that the 1:2 model best describes the affitoxin/
SKOV3 interaction. A biosensor analysis of the interaction
between the affitoxins and the HER?2 receptor alone, lacking
dimerization partners, shows that the interaction follows a 1:1
model.

The substitution of the hexahistidine-tag in '"In-Hg-
Zyuero-PE38 with the more hydrophilic HEHEHE-tag in
"n-(HE);-Z ygr,-PE38X8 reduced the liver uptake by almost
20% (from 19.9+1.8 to 16.2+0.8%ID/g, at 4 h after injection
(Fig. 4). This is in agreement with our previous results (43).
Despite the reduction in hepatic uptake achieved by (HE);-
Zurr,-PE38X8, the liver accumulated radioactivity remains
high compared to non-toxin fused Affibody molecules (43).
This indicates that the mechanism of uptake of the affitoxin
in liver is mainly driven by the PE38X8-part. This assumption
is supported by studies involving the anti-Tac Fv fragment
targeting the interleukin-2-receptor (IL-2Ra pr Tac) (49,52).
When the anti-Tac Fv fragment was conjugated to PE38,
liver uptake increased several-fold compared to the non-toxin
fused fragment (12.42+0.58 vs. 3.4+0.7%ID/g 15 min after
injection for '*I-anti-Tac-Fv-PE38 and '*’I-anti-Tac-dsFv
respectively). In this study, the reduction in hepatic uptake
of the HEHEHE-tag containing construct was accompanied
with a significantly increased renal uptake. After glomerular
filtration, it is likely that the radiolabelled affitoxin will be
reabsorbed by the proximal tubular cells where it will be prone
to enzymatic degradation (49,53). This catabolic process may
lead to the conversion of PE38X8S to a less toxic molecule. This
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may have a positive impact on the maximum tolerated dose of
the affitoxin that can be injected without toxic implications.

In order to extend the plasma half-life of the affitoxin, we
fused it with albumin-binding domain (ABD). The results from
the comparative biodistribution study between the ABD- and
non-ABD-fused affitoxins demonstrated a clear effect on the
half-life when the affitoxin was conjugated to ABD (Table I).
The retention of "'In-(HE);-Zyzr,-ABD-PE38X8 in the blood
was on average 28-fold higher than that of ""In-(HE);-Zygro-
PE38X8. A surprising finding of this study is the more rapid
blood clearance of ""In-(HE);-Zzr,-ABD-PE38X8 in compar-
ison to previously studied ABD-fused Affibody molecules
(35,36). Interestingly '"'In-(HE);-Z yzr,-ABD-PE38X8 showed
also several-fold higher accumulation in the liver compared
to other ABD-fused Affibody molecules (35,36). The main
difference between these fusion-molecules is the presence of
the toxin PE38X8. As pointed out earlier, we expect that the
elevated hepatic uptake is mainly a toxin-dependent effect.
Therefore, it would be reasonable to assume that the more
rapid clearance of the ABD-fused affitoxin from circulation
is due to accumulation and trapping of the toxin-conjugate
by the hepatocytes. As a result of longer retention in blood,
Tn-(HE);-Z yro-ABD-PE38X8 showed >5-fold reduced renal
accumulation in comparison with "'In-(HE);-Zzr,-PE38X8.
The higher renal excretion of "'In-(HE);-Zypr,-PE38X8 may
explain the significantly lower accumulation of this construct
in the liver.

"n-(HE);-Zypr,-ABD-PE38X8 targeted HER2-
expressing xenografts in mice specifically (Fig. 6). The uptake
of the radiolabelled control fusion toxin '"'In-(HE);-Z,,,-~ABD-
PE38X8 in the xenografted tumour was significantly (p<0.05)
lower than the uptake of the HER2-binding construct. The
uptake of the HER2-affitoxin (HE);-Zygr,-ABD-PE38X8 in
the tumour (5.5+1%ID/g at 24 h after injection) was lower
in comparison to the parental HER2-Affibody Zygrs.0501
(11£4%ID/g at 24 h after injection) (54). A similar difference
was reported by Zilienski et al (9). They observed a non-
even distribution of the affitoxin, Hy-Zyzr,-PE38 in BT-474
xenografts (with high HER2-expression), in comparison with
non-toxin fused Zygg, Affibody molecules. They attributed
this to the large size of the affitoxin, which decreases the
ability of the construct to diffuse deep into the tumour tissue.
However, this size effect was more profound in xenografts
with larger volumes, while tumours with relatively small sizes
responded efficaciously to the HER2-Affitoxin treatment. It
would be expected that the even bigger construct (HE);-Zpr,-
ABD-PE38X8, associated with the serum albumin will have
a relatively lower tumour penetration when compared to the
parental Z,:z, Affibody molecule. Together this may explain
the relatively lower tumour accumulation of (HE);-Zzr,-ABD-
PE38X8. It has to be noted, that (HE);-Zzr,-ABD-PE38X8
adduct to albumin would still have a smaller size compared to
a full IgG mAb and thus would have better tissue penetration.

In the toxicity experiment, one mouse in the group (n=6)
injected with the highest dose of (HE);-Zygr,~ABD-PE38X8
had a critical loss of weight and was terminated. Other mice
in this group had a significant reduction in the average weight,
but recovered successfully and survived until termination
of the study (Fig. 7). When mice were injected with lower
doses (0.275 and 0.1375 mg/kg, equivalent doses providing a
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clear therapeutic effect in the study reported by Zielinski and
co-workers (9), mice did not experience significant weight loss
during the study and did not show any other signs of toxicity.

In conclusion, the use of the HEHEHE-tag on the
N-terminal end of the affitoxin molecule reduced hepatic
uptake, however the effect was relatively small, presumably
due to the presence of PE38XS. Fusion to the ABD is associ-
ated with longer residence in circulation and would permit
less frequent injections of the affitoxins. The novel tripartite
fusion toxin (HE);-Zygr,-ABD-PE38X8 is capable of specific
targeting of HER2-expressing xenografts in vivo. Multiple
injections of therapeutic doses of (HE);-Z;r,-ABD-PE38X8
had no significant side effects. The results of this study empha-
size the importance of careful design to improve the properties
of therapeutic agents.
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