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Abstract Within cancer research, phage display
libraries have been widely used for the identification of
tumor targeting peptides and antibodies. Additionally,
phages are known to be highly immunogenic; therefore
we evaluated the immunotherapeutic potential of
tumor specific phages to treat established solid tumors
in a mouse model of melanoma. We developed two
tumor specific phages, one derived from a peptide
phage display library and one Fab expressing phage
with known specificity, for the treatment of mice bear-
ing palpable B16-F10 or B16/A2K"® tumors. Therapy
in B16-F10 tumor bearing mice with tumor specific
phages was superior to treatment with non-tumor spe-
cific phages and lead to delayed tumor growth and
increased survival. In B16/A2K® tumor bearing mice,
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therapy with tumor specific phages resulted in com-
plete tumor regression and long-term survival in 50%
of the mice. Histological analysis of tumors undergoing
treatment with tumor specific phages revealed that
phage administration induced a massive infiltration of
polymorphonuclear neutrophils. Furthermore, phages
induced secretion of IL-12 (p70) and IFN-y as mea-
sured in mouse splenocyte culture supernatants. These
results demonstrate a novel, immunotherapeutic can-
cer treatment showing that tumor specific phages can
promote regression of established tumors by recruit-
ment of inflammatory cells and induction of Th1 cyto-
kines.

Keywords Phage display - Cancer immunotherapy -
Targeting - Innate immunity

Introduction

Monoclonal antibody based immunotherapy has
resulted in successful clinically available products such
as Herceptin [6] and Rituxan [2]. Some of the initial
drawbacks of anti-cancer antibody treatments were the
development of human anti-mouse antibodies, short cir-
culating half-life, limited penetration into tumor sites
and limitations in the production process. With the
development of phage display [30], many of these prob-
lems can be circumvented. Through a process called in
vivo panning, an aliquot representing the whole phage
library is injected into the animal. Phages with affinity
for various exposed epitopes in the animal will stick to
those structures. Such target specific phage clones are
subsequently captured by dissection of the different
tissue and organs of the animal, and propagated in
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Escherichia coli. The resulting phage population,
enriched for target specific clones, is then used for an
additional round of in vivo selection. This procedure can
be repeated for several rounds allowing positive selec-
tion, while non-specific clones are discarded (negative
selection). Although in vitro selections of phage display
libraries often yield antibodies and peptides with high
affinity for their targets they may, due to low stability or
bio-availability, not bind their targets in vivo. On the
other hand, phage particles selected in vivo are posi-
tively selected for their ability to bind and/or internalize
to their targets within a complete organism, such as a
tumor mass. The procedure enables rapid selection of
human high affinity antibodies and peptides against spe-
cific targets such as tumor associated antigens [22, 26, 27,
33], angiogenic vessels [3, 24], whole organs [25, 34] and
subsets of cells of the immune system [11], from libraries
of huge diversities.

Since tumor specific antibody fragments (Fab/scFv)
identified by phage display screenings lack the Fc
region, they cannot stimulate immune responses via
antibody-dependent cell-mediated cytotoxicity or com-
plement dependent cytotoxicity. Therefore, their use
in cancer therapeutics is restricted, and they are com-
monly transformed to whole IgG format, or fused to a
broad variety of molecules, e.g., cytotoxic drugs, radio-
nuclides, immunotoxins and cytokines [28]. However,
one interesting and overlooked possibility regarding
phage display based selection and identification of
tumor specific antibody fragments and peptides is to
keep high affinity antibody fragments or peptides linked
to the phage particle and use it as an immunotherapeu-
tic agent instead of fusing it to a cytotoxic molecule.

Phages are highly immunogenic and known to
induce humoral [14, 36] and cellular [37] immune
responses. These immune responses are directed
against phage proteins or against foreign epitopes dis-
played on the surface of the phage particle. In addition
to their immunogenic properties, phages are good can-
didates for therapy because they extravasate, penetrate
into tissue when administered i.v. [38], are non-toxic to
animals [21] and, hence, unlikely to cause side effects.
The combination of rapid identification of tumor spe-
cific antibody fragments or peptides by phage display
library screenings and the immunological and biologi-
cal properties of phage particles makes it worthwhile to
evaluate their capacity in a targeted tumor immuno-
therapy approach. Therefore, we explored the poten-
tial of tumor specific phages to induce tumor regression
in a mouse model of melanoma.

This work describes the use of a M13 filamentous
phage display particle as a combined immunogenic and
tumor targeting agent, with the hypothesis that locali-
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zation of immunogenic bacteriophages to the tumor
will create an anti-phage immune response resulting in
the destruction of phage-tumor complexes by mecha-
nisms similar to the actions of tumor reactive antibod-
ies. We evaluated the tumor reduction properties of a
B16-F10 mouse melanoma specific peptide phage and a
HLA-A?2 specific Fab-phage against established B16-
F10 and B16/A2K" tumors. We showed that peritu-
moral administration of tumor specific phages can
inhibit tumor growth and prolong survival of tumor
bearing mice. This work reveals a novel tumor treat-
ment reagent that has potent anti-tumor properties.

Materials and methods
Cell culture

The HB-54 hybridoma cell line, which produces anti-
HLA-A2 antibodies and the B16-F10 mouse mela-
noma cell line were obtained from ATCC (Rockville,
MD, USA). Cells were cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Bio Whittaker, East
Rutherford, NJ, USA) supplemented with 2 mM r-glu-
tamine (Sigma, St Louis, MO, USA), 10 mM HEPES,
25 pg/ml gentamycin and 10% heat-inactivated fetal
calf serum (FCS) (Invitrogen, Carlsbad, CA, USA).
The A2K® expressing B16-F10 cell line (B16/A2KP)
was generated by stable transfection with a plasmid
encoding the A2/Kb molecule [19]. The melan-a cell
line was a gift from Dr Bennett et al. [7] and cultured in
the above medium containing 200 nM phorbol 12-myr-
istate 13-acetate (Sigma).

In vivo phage selection on established tumors

Female C57BL/6 mice (6-8 weeks) were purchased
from Taconic Farms (Rockville, MD, USA) and cared
for in accordance with the guidelines set forth by the
Animal Research Advisory Committee of the National
Institutes of Health (NIH). The NIH is accredited by
the American Association for the Accreditation of Lab-
oratory Animal Care-accredited Institution. C57BL/6
mice bearing single, subcutaneous B16-F10 tumors
were injected i.p. with 1.5 x 10'! pfu of the Ph.D.-12™
filamentous bacteriophage phage display peptide
library (New England Biolabs, Beverly, MA, USA) in
100 ul of sterile PBS (Invitrogen) supplemented with
1% bovine serum albumin (BSA) (Sigma) (PBSA).
After 1-3 h, the animals were euthanized and the tumor
tissues were immediately resected and placed in a ster-
ile, pre-chilled (—20°C) mortar. The tumor tissue was
frozen at —20°C for 2 h and homogenized with a mortar
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and pestle in 10 ml of 2x YT (20 g tryptone, 10 g yeast
extract and 5 g NaCl per liter, pH 7.0) E. coli culture
medium supplemented with tetracycline and 50 pl
E. coli (XL-1 Blue). The homogenate was transferred
into a 50-ml conical tube, and then the mortar was
washed twice with 10 ml of 2x YT medium. The 30 ml
of tumor slurry was incubated shaking at 37°C over-
night for phage amplification. The overnight culture
was centrifuged at 1,500g for 30 min to pellet the tumor
tissue. Seven milliliters of 30% PEG 8000-1.5 M NacCl
(Sigma) solution and 28 ml of the supernatant from the
overnight culture were mixed thoroughly in a new 50-
ml conical tube and cooled to +4°C. The mixture was
centrifuged at 10,000g for 20 min, the supernatant was
decanted, and the container was inverted for at least
30 min to drain excess fluid. The pellet was resus-
pended in 1 ml of PBSA, heated at 70°C for 10 min,
vortexed while hot for 1 min, and centrifuged at
20,000g for 10-15 min to pellet any residual bacteria.

Selection on cells

The in vivo selected phages (above) were in some
instances also subjected to further selections using
tumor cells in suspension. Harvested B16-F10 cells
were resuspended at a concentration of 3 x 10° cells
per milliliter in complete DMEM described above with
1% FCS. Five milliliters of the cell suspension was
incubated with 100 pl of the purified in vivo selected
phages and lightly mixed for 3 h at room temperature.
A separation solution of PBS containing 50% Ficoll-
Paque Plus, lymphocyte isolation (GE Healthcare, Pis-
cataway, NJ, USA) was prepared and cooled to +4°C.
The cells were pelleted by centrifugation at 150g,
resuspended in 1 ml of complete medium, and added to
the top of 10 ml of separation solution. This solution
was centrifuged at 150g for 20 min and all but 1 ml of
the separation solution was carefully removed so that
non-cell adherent phage was discarded. The cell pellet
was collected by pipetting and the phages were ampli-
fied and rescued as described above. Phages were
quantified using a plaque forming unit assay on IPTG/
X-gal/tetracycline plates and blue plaques were
selected and sequenced according to the manufac-
turer’s instructions.

In this experiment, the phage library went through
either four rounds of selection on established B16
tumors (in vivo selection) or a combination of selection
on tumors and cells (in vivo/in vitro selection). In the
latter case, two selections were performed on tumors,
one on cells, another on tumor cells, and finally one
round on cells. Phage clones representing more than
25% of the total pfu count after the last round of

selection were included in the study. Phages were
resuspended in PBS, and to exclude any involvement
of LPS in the tumor treatment studies endotoxin was
removed by phase separation using Triton X-114 [1],
and LPS content was measured using the QCL-1000®
Chromogenic LAL endpoint assay (Cambrex, Walk-
ersville, MD, USA). After phase separation, the levels
of endotoxin were <0.2 endotoxin units and regarded
as endotoxin free.

RNA isolation and cDNA synthesis

HB-54 cells were subjected to RNA isolation using
the RNeasy kit (Qiagen Inc., Valencia, CA, USA)
according to the manufacturer’s instructions. After
isolation, the concentration was measured by spec-
troscopy and the purity was analyzed by RNA-gel
electrophoresis in 1% agarose in 1x TAE buffer (10x
TAE buffer: 400 mM Tris, 20 mM Na,EDTA-2H,0,
200 mM sodium acetate and 296 mM glacial acetic
acid, pH 8.0). Prior to analysis, the RNA was treated
in denaturing buffer (65% formamide, 20% formalde-
hyde and 15% MOPS). cDNA was synthesized using
SUPERSCRIPT™ II (Invitrogen) reverse transcrip-
tase as per manufacturer.

Construction of HB-54 Fab phagemid vector

The HB-54 immunoglobulin K-light chain genes were
amplified by the polymerase chain reaction (PCR)
using a primer set according to Huse et al. [18]. The
primers introduce a Sacl site in the 5'-end and an Xbal
site in the 3’-end of the product which allows insertion
into the pComb-3H phagemid cloning vector [4]. The
primers used for amplification were the forward primer
mVK2a (5'-CCAGTTCCGAGCTCCAGATGACCC
AGTCTCCA-3'; Sacl site underlined) and the reverse
primer mCKa (5'-GCGCCGTCTAGAAATAACAC
TCATTCCTGTTGAA-3"; Xbal site underlined). The
amplified PCR product was purified by the QIAquick
PCR kit (Qiagen) and directly ligated into the pGEM-
T easy TA cloning vector (Promega). The ligated
product was transformed into competent Top 10 cells
(Invitrogen) and the transfected bacteria were plated onto
LB plates containing ampicillin, IPTG and X-gal. After
overnight incubation, white colonies were screened for
the light chain insert through colony PCR. Positive
clones were propagated in LB medium overnight and
plasmid isolation was performed using the QIAquick
plasmid mini kit (Qiagen). The pGEM-T easy vector
was cleaved with Sacl and Xbal and the light chain
fragment was gel purified and recovered using the
QIAquick gel extraction kit (Qiagen). The fragment
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was inserted into the Sacl-Xbal sites of the phagemid
vector pComb-3H.

PCR amplification of the HB54 variable heavy-chain
gene and CH1 domain was carried out using the for-
ward primer mVH4d (5'-GAGGTTCAGCTGCTCG
AGTCTGGGGC(A/T)GAG-3" Xhol site underlined)
and the reverse primer mCGlc (5'-TATGCAAGGCT
TACTAGTACAATCTCTGGGCACAATTTTCTT
GTC-3' Spel site underlined) (primers from Ersoy and
Persson, unpublished). The insert was cleaved with
Xhol and Spel and inserted into the corresponding site
of the pComb-3H-LC vector and thus fused to a trun-
cated form of the phage gene III. The phagemid was
transformed into Top 10 bacteria and positive clones
were identified using colony PCR. Clones containing
the insert were propagated and the vector was isolated
and purified as described above. The phagemid was
analyzed on gel and the inserts were sequenced.
Expression of Fab fragments was verified using
ELISA. Briefly, colonies containing the phagemid
were cultured in 0.5 ml super broth (SB) [5] supple-
mented with 50 pg/ml ampicillin and 1% glucose.
When the cultures became dense they were diluted to
4 ml, when ODy, reached approximately 1.0, the cul-
tures were centrifuged and the media was changed to
SB, 2 mM IPTG, and 20 mM MgCl, and cultures were
incubated overnight. Overnight cultures were freeze-
thawed and centrifuged. Supernatants were added to
ELISA plates pre-coated with goat anti-mouse Fab
(Pierce, Rockford, IL, USA), for detection of Fab
fragments a secondary alkaline phosphatase labeled
anti-mouse Fab (Pierce) was added. After addition of
p-nitrophenylphosphate (Sigma), the plate was read at
405 nm.

Phage production and rescue

The phagemid was electroporated into the E. coli
strain XL-1 Blue (Stratagene, La Jolla, CA, USA)
using a GenePulser (Bio Rad, Richmond, CA, USA) at
200 Ohm, 25 pF and 12.5 kV/cm. After suspension in
SOC medium and 1 h incubation at 37°C, cells were
plated on LB-ampicillin plates. After overnight incuba-
tion, colonies were put into 10 ml SB-ampicillin and
incubated for 16 h. Five milliliters of the culture was
diluted to 11 SB supplemented with 10 pg/ml tetracy-
cline, 50 pg/ml ampicillin and 1% glucose. The culture
was grown to an ODy, of 0.4 and infected with helper
phage VCSM13 (Stratagene) (20 times excess) and fur-
ther incubated for 30 min at 37°C without shaking. The
culture was centrifuged for 10 min at 3,500g and the
pellet was resuspended in SB containing antibiotics
and 1 mM IPTG (Invitrogen) and grown at 30°C for
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16 h. The culture was centrifuged twice at 4,000g for
30 min and phages were recovered from the medium
by 20% PEG 8000-2.5 M NaCl precipitation as des-
cribed [10]. The phage pellet was resuspended in PBS
and quantified using a standard colony counting assay.
Endotoxin was removed as described (see above).

Flow cytometry

Phage binding properties and specificity to B16-F10,
B16/A2K" and melan-a cells were analyzed using flow
cytometry. Phage suspensions containing 1 x 10" cfu/
pfu were blocked in 200 pl PBS containing 2.5% milk
for 1h at RT. The phage/milk solution was added to
2 x 10° cells in a 96-well plate and incubated for 1.5 h
at 4°C and then washed twice in 200 pl staining buffer
(PBS containing 0.5% BSA and 0.05% NaN,). Phage-
labeled cells were incubated for 30 min with biotiny-
lated anti-M13 phage antibody (1:100, Accurate,
Westbury, NY, USA) washed twice in PBS, and then
incubated in straptavidin—phycoerythrin (1:100, Jack-
son Laboratories). The cells were transferred to FACS
tubes, washed twice and resuspended in 500 pul PBS
for flow cytometry. Data acquisition and analysis were
carried out using a FACSCalibur cytometer (Becton
Dickinson, San Jose, CA, USA) and the CellQuest Pro
software (Becton Dickinson).

Animal experiments

Female C57BL/6 mice 6-10 weeks old, obtained from
Taconic M&B (Bomholt, Denmark) were used in all
of the experiments. The animals, ten per cage, were
housed at Microbiology and Tumor Biology Center
at the Karolinska Institute (Stockholm, Sweden). All
experiments using mice were approved by the Swedish
National Board for Laboratory Animals.

Mice were injected subcutaneously (s.c.) in the right
flank with 5 x 10* B16-F10 cells. Once the tumors were
palpable (~3 mm diameter) endotoxin-free tumor
specific phage, 1 x 10" pfu in 100 pl PBS, was injected
s.c. peritumorally every 3-4 days for two consecutive
weeks. Control mice received either HLA-A2 specific
Fab-phage or PBS. The mice were treated individually,
and no specific time points for treatment beginning or
end were set in advance. Tumor progression was moni-
tored three times per week throughout the experiment
and clinical signs were recorded. For all tumor treat-
ment experiments, the mice were euthanized by cervi-
cal dislocation once the tumor reached 250 mm?®. In
another set of experiments, mice received s.c. injec-
tions of 1 x 10° B16/A2K" cells. When tumors reached
a diameter of 5 mm mice were treated with B16-F10
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specific peptide phage or HLA-A2 specific Fab-phage
as described above. Wild-type phage and PBS were
used as negative controls. The number of cells injected
was based on tumor titration experiments and gives a
consistent 100% tumor take within 7-10 days after
tumor cell inoculation.

Morphological analysis and immunohistochemistry

B16/A2K" established tumors were treated with tumor
specific or wild-type phages. Tumors were removed 24,
48 and 72 h after phage administration and fixed in 4%
buffered formalin phosphate (Apoteksbolaget, Stock-
holm, Sweden) for 6-8 h and transferred to 70% etha-
nol. Sections (5 pm) from paraffin-embedded tumors
were placed on glass-slides. Deparaffinization, rehydra-
tion and H&E staining were performed using standard
procedures. Neutrophils were characterized by identifi-
cation of segmented nuclei and by immunohistochemi-
cal staining. Briefly, sections were depariffinized in
xylene and rehydrated by washes in graded alcohol
concentrations followed by antigen retrieval in a
microwave oven for 20 min in sodium-citrate buffer
(10mM, pH 6.0). Slides were washed in PBS and
blocked by incubation in normal rabbit serum (1:20
in PBS) for 30 min and subsequently incubated with
a 1:200 monoclonal, rat anti-mouse neutrophils
antibody, which recognizes a polymorphic 40 kD cell
surface antigen expressed by polymorphonuclear neu-
trophils (PMN) (Serotec, Hamar, Norway) overnight
at +4°C. Sections were then incubated for 30 min with
a 1:200 secondary biotinylated anti-rat antibody
(Vector Laboratories, Burlingame, CA, USA) diluted
in PBS with 1% BSA. Slides were incubated in 0.3%
hydrogen peroxide to quench endogenous peroxidase
for 30 min, washed in PBS and incubated with avidin-
biotin-complex-PO using the VECTASTAIN® Elite®
ABC Kit (Vector Laboratories) according to the man-
ufacturers’ instructions. Diaminobenzidine tetrahydro-
cholride (Sigma) substrate was added in the presence
of H,0, to the slides, and finally, sections were count-
erstained with hematoxylin, dehydrated and mounted.

Cytokine ELISA

To investigate the ability of phages to induce secretion
of cytokines, IFN-y and IL-12p70 ELISA kits (MAB-
TECH, Stockholm, Sweden) were used according to
the manufacturers’ instructions. Single-cell suspensions
were prepared from mouse spleens. Erythrocytes were
removed by ammonium chloride lysis and the spleno-
cytes were cultured in DMEM supplemented with
2 mM L-glutamine, 10 mM HEPES, 1% non-essential

amino acids, 5 x 107> M 2-mercaptoethanol, 25 pg/ml
gentamycin and 10% FCS, at 1 x 10° splenocytes/well
in a 96-well plate. Wild-type phages, crude fractions or
cleared from endotoxin, at 5 x 10! pfu/150 pl were
added to the cells to a total volume of 300 pl/well.
After 48 h incubation at 37°C, culture supernatants
were collected and cytokine content was measured.

Results
Development of tumor specific phages

Two peptide expressing phages, designated as P4-2
(peptide sequence: RRKRMTILKSRM, in vivo selec-
tion only) and WDC-2 (peptide sequence: TRTKL-
PRLHLQS, in vivo/in vitro selection), were chosen due
to their enrichment during the selection process. They
were then analyzed for tumor cell specificity by flow
cytometry. The wild-type M13 control and P4-2 phages
showed very little specificity and stained 1.9 and 3.7%
(Fig. 1a, b) of the tumor cells, respectively; whereas,
the WDC-2 phage stained 93.0% (Fig. 1c). Therefore,
the WDC-2 phage was chosen for subsequent tumor
therapy studies on B16 tumors.

Restriction endonuclease analysis and sequencing of
the anti-HLA-A2 Fab phage phagemid verified the
insertion of the light chain and the Fd heavy-chain
domains of the HB-54 into the pComb-3H vector.
Expression of the Fab fragments was confirmed by
ELISA (data not shown). The HLA-A2 specific Fab-
phage stained 32.3% of B16/A2K" cells (Fig. 1d), and
neither the WDC-2 nor the Fab-phages showed any
specificity to irrelevant cell lines, e.g., MC57 and 293
cells (data not shown). Additionally, WDC-2 did not
react above background levels to the syngeneic, non-
tumorigenic, melanocyte cell line, melan-a (Fig. le)
further demonstrating the melanoma specificity of
the phage. These data show that tumor specificity of
phages can be achieved by either in vitro/in vivo pan-
ning or cloning of antibody fragments with known
specificity into phagemid vectors.

Tumor specific phages delay progression of B16-F10
tumors

We evaluated the ability of tumor specific phages to treat
the highly aggressive and poorly immunogenic B16-F10
tumor. Mice were injected adjacent to the tumor site with
endotoxin-free non-tumor specific Fab-phage or tumor
specific WDC-2 phages when the B16-F10 tumors
reached a diameter of ~3 mm, typically 7-10 days post
tumor inoculation. The treatment was administered
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Fig. 1 Phage specificity for B16/A2K" mouse melanoma cells.
Flow cytometry histograms of B16/A2K" cells incubated with
control phage (a), phage selected on B16-F10 mouse melanoma
tumors by in vivo panning (b), combined in vitro/in vivo panning
on B16-F10 cells/tumors (¢), HLA-A2 specific Fab-phage (d) and
non-tumorigenic melan-a cells incubated with WDC-2 phage (e).
The numbers indicated represent the percentage of cells bound
by phage
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every 3—4 days for two consecutive weeks and tumor pro-
gression was monitored. Clinical signs of phage adminis-
tration included swelling at the site of injection (days
1-3), scab formation (days 3-7), skin ulceration (days
7-14), suppuration, and enlargement of tumor draining
lymph nodes, and these signs occurred only in mice
treated with the WDC-2 tumor specific phages. Treat-
ment with the WDC-2 tumor specific phage controlled
tumor growth in mice bearing B16-F10 tumors for
2 weeks compared to the non-specific Fab-phage and
PBS treated controls, where the tumors progressed rap-
idly from day 10 post tumor challenge (Fig. 2a). The con-
trolled tumor growth lead to an increase in survival of
the mice between day 10 and day 16. No mice in the
Fab-phage or PBS treated groups survived more than
18 days compared to the WDC-2 treated group, where
20% of the mice survived for 30days post tumor
challenge (Fig. 2b).

Antibody and peptide phages have similar treatment
outcomes

In order to improve the treatment, i.e., to achieve bet-
ter treatment results than those obtained with tumor
specific peptide phages (Fig. 2), we explored the poten-
tial of antibody phages. The hypothesis was that an
antibody possesses higher affinity to its target com-
pared to a peptide and a stronger phage—tumor inter-
action may promote a stronger anti-tumor response.
Therefore, we evaluated the treatment of established
B16/A2K" tumors with an A2 specific Fab-phage or
the B16-F10 tumor specific WDC-2 peptide phage.
Approximately 7 days post tumor challenge, estab-
lished 5 mm tumors were treated as described earlier.
Treated B16/A2K" tumor bearing mice displayed the
same side effects of treatment as B16-F10 tumor bear-
ing mice. The signs occurred in all mice treated with
tumor specific phages (Fab and WDC-2) and in mice
where the treatment resulted in complete tumor
regression. Typically, responders were tumor-free after
1 week of treatment. When the treatment was stopped,
based on the absence of a palpable tumor, the adverse
symptoms disappeared within 2 weeks and no mouse
was sacrificed due to adverse effects of the treatment.
The non-tumor specific controls were mice treated with
wild-type phage. These mice did not show adverse
symptoms like Fab-phage or WDC-2 phage treated
mice, with the exception of three mice that developed
scabs, and one of these had complete tumor regression.
PBS treated control mice never developed any side
effects of treatment and succumbed to the tumor chal-
lenge within 5 weeks. Treatment with HLA-A2 specific
Fab-phage and B16 specific WDC-2 phage resulted in
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Fig. 2 Treatment of mice with established s.c. B16-F10 mela-
noma tumors. a Mice were treated peritumorally with tumor spe-
cific peptide phage (WDC-2), non-tumor specific phage (Fab)
(1 x 10! pfu/cfu in 100 ul PBS), or PBS alone (100 pl) for up to 2
weeks. WDC-2 phage (filled circle) was able to control tumor
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and PBS (filled triangle) treatment. The difference in the mean tu-
mor volume on day 13, comparing WDC-2 treated to Fab-phage
and PBS treated mice was significantly different as determined by
Student’s t-test (star indicates P < 0.01). The graph shows tumor
development from treatment start (arrow). Horizontal bars rep-
resent mean values. A minor, but not significant (P = 0.057) in-
crease of survival in mice treated with tumor specific phage was
also observed (b), as determined by log-rank analysis. The data is
representative of two experiments

complete regression of established tumors and long-
term survival in 53 and 42% of the mice, respectively
(Fig. 3a,b). Treated mice remained tumor-free for
2 months. To further prove that treatment failure was
not due to tumor escape through the loss of A2 anti-
gen, flow cytometry analysis revealed that recurring
B16/A2K" tumor cells exhibited the same level (>90%)
of HLA-A2K® expression as prior to phage treatment
(data not shown). Although the treatment outcome of
the Fab treated animals was superior, it did not signifi-
cantly augment the treatment compared to WDC-2
treatment. These observations strongly suggest that
tumor specificity of the phages is critical for mounting a
potent anti-tumor response and promoting tumor

ing mice with complete tumor regression are indicated in paren-
thesis. The difference between tumor free mice, comparing those
who received tumor specific phage versus wild-type phage, was
statistically significant (star indicates P < 0.01), as determined by
Chi-square testing. b Tumor specific phage treatment significantly
increases survival compared to control phage treatment. Survival
was monitored 2-3 times per week, and plotted as a Kaplan-

Meier survival curve based on the experiment from (a). Mice

were sacrificed when the tumors reached a volume of 250 mm®.

WDC-2 and HLA-A?2 specific phage treatment significantly in-
creased survival of mice with established tumors (two stars indi-
cate P <0.0001) compared to wild-type phage treatment, as
determined by log-rank analysis

regression and in some cases clearance. The data also
suggest that the treatment efficacy is more robust on
more immunogenic tumors, which was further sup-
ported since Fab-phage treatment of B16/A2K" tumors
in A2K" transgenic mice (not shown) yielded the same
results as WDC-2 phage treatment of B16-F10 in wild-
type C57BL/6 mice.

Phage immunogenicity

Since phages are known to be immunogenic and since
the symptoms of treatment were evident within 24 h
post treatment, we wanted to evaluate what cell popula-
tions are present that might be contributing to the tumor
regression. B16/A2K® tumor bearing mice were sacri-
ficed 24 and 72 h after phage treatment and the tumors
were removed and subjected to morphological analysis.
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Hematoxylin/eosin staining of the sections revealed a
massive infiltration of PMN within 24 h (Fig. 4a, b),
which was also confirmed by immunohistochemical
staining (Fig. 4d). The infiltration was accompanied by
necrosis, after 72 h considerable damage to the tumor
tissue was observed (not shown), and only few tumor
cells were still viable. Only moderate cell infiltration was
observed after wild-type phage treatment (Fig. 4c).
Since Thl cytokines are known to augment anti-
tumor immune responses, the ability of phages to
induce Th1 cytokines was explored. In the production
of phages, endotoxin is a contaminant which may be
responsible for the induction of cytokines. To exclude
unwanted effects due to contamination, endotoxin was
removed prior to all in vivo experiments, as described
in Sect. Materials and methods. Phages with or without
endotoxin were found to induce IL-12 and IFN-y
production in mouse splenocyte cultures (Fig.5).
Although endotoxin contamination increased the lev-
els of both cytokines, it was evident that phages can
induce secretion of cytokines also in its absence.

Discussion

In this study, phage display technology enabled the
identification and production of tumor specific phage

Fig. 4 Neutrophils accumulate in tumor specific phage treated
B16/A2K® tumors. a Tumor rejection area of a WDC-2 phage
treated tumor 24 h after tumor specific phage injection (20x lens
magnification). The tumor is massively infiltrated by PMN. b
Lens magnification (40x) of the box in (a) showing, from /eft to
right, viable tumor cells (7), necrotic or damaged tumor cells

@ Springer

10 - O w/o endotoxin
T endotoxin
T
> 51
5 -
. TL%

IL-12 IFN-g

Fig. 5 Phage induced cytokine production. Wild-type phage
preparations, with and without endotoxin, were added to mouse
splenocyte cultures. In collected supernatants, IFN-y and IL-12
were detected by ELISA. Experiments were performed twice in
triplicate and one representative experiment is shown. Statisti-
cally significant differences were observed in IL-12 levels between
cultures that received phage preparations with or without endo-
toxin (P < 0.05), as determined by Student’s ¢-test

particles which are able to promote regression of solid
tumors and prolong survival in melanoma bearing
mice. Tumor specific phages, either selected from a
peptide phage library or developed from a hybridoma
with known antigen specificity, were compared in their
anti-tumor activities on poorly immunogenic and
highly immunogenic established tumors. The signifi-
cance of developing tumor specific phages is to localize

(open arrow) and infiltrating PMN (arrows). ¢ Tumor section 24 h
after administration of wild-type phage. Lens magnification (4x)
with a representative 20x lens magnification insert showing the
absence of infiltrating PMN. d Immunohistochemical staining of
tumor infiltrating neutrophils 24 h after tumor specific phage
administration (x20 lens magnification)
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highly immunogenic phage particles to the tumor site
and thus attract an inflammatory response to the vicin-
ity of the tumor.

Little is known about phage interactions with mam-
malian cells and especially tumor cells. In the 1940s,
Bloch [8] showed that bacteriophages inhibited growth
of tumors in various animals, and these results were
recently confirmed by Dabrowska et al. [12, 13] who
suggested that phages inhibit metastatic growth of B16
tumors by blocking integrins necessary for expansion
and metastasis. However, we suggest that in palpable,
3-5 mm, B16 tumors the anti-tumor activities are med-
iated by the host immune system and mainly through
tumor infiltrating neutrophils, as indicated in Fig. 4,
and that the recruitment of the immune system is
highly dependent on phage accumulation at the tumor
site. Flow cytometry analysis of phage—tumor interac-
tions demonstrated that our approach with a combined
in vitro/in vivo selection scheme yielded a peptide
phage with high specificity (93%) for the tumor (Fig. 1)
compared with the in vivo selected and wild-type M13
phage. The relatively low percentage (32%) of staining
of the HLA-A2 specific Fab-phage could be explained
by the fact that when using a phagemid system the
main fraction of phages produced in the bacteria are
insert-less [31] due to less efficient incorporation of
plll-fusions into the phage particle. Therefore, less
copies of the plll-fusion are displayed per phage in a
phagemid system compared to phage display vectors
where all phages produced express the fusion on all
copies of the plII protein. A reduction of the WDC-2
phage titer from 10" pfu down to 10'° pfu by mixing it
with irrelevant phages yielded staining percentages
approaching those for Fab-phage staining on B16/
A2KP" cells (data not shown). This suggests that the
number of phages per cell is important for the staining
assay. Additionally, peptide phages have the capacity
of multivalent binding to antigens and most likely have
a lower off rate, and hence they are more resistant to
the washing steps during the staining protocol, which
results in a higher signal upon flow cytometry analysis.
Also, shed Fab-fragments competing with recombinant
Fab-phage for binding cannot be excluded. Another
factor that can influence Fab-phage binding is the level
of expressed antigen. In other words, the unidentified
ligand for the WDC-2 phage may be present at a higher
quantity than the A2 antigen on the B16/A2K® tumor
cells, thus providing a higher mean fluorescent inten-
sity (MFI). Although the vast majority (>90%) of the
B16/A2K" cells express the A2 antigen, the MFI of the
HLA-A2 positive human melanoma cell line DFW
upon HB-54 antibody staining is up to 100-fold higher.
Accordingly, Fab-phage staining of DFW cells clearly

enhanced the signal compared to B16/A2K® cell stain-
ing (data not shown). Taken together, these results
clearly demonstrate that, even though all cells express
the antigen, the staining intensity is highly dependent
on: (1) the number of recombinant phages per target
cell, (2) the level of expressed antigen on the target
cells, and (3) the number of fusion proteins displayed
on the phage surface.

The mechanism behind the infiltration and regres-
sion and how it is induced by phages is not yet fully
understood. Since phages are viruses and regarded as
foreign by the immune system, it is likely that the
inflammatory process is mediated through similar
mechanisms as other microbial infections. The phe-
nomenon could partly be explained by the “danger
model” [16] which suggests that tumor trauma and
presence of infectious agents may result in regression
of tumors. In our study, we observed regression of
tumors after treatment with wild-type phages with no
specificity for the tumor, supporting the danger model.
The phages may also attract and locally activate den-
dritic cells which then present tumor antigens to T cells
in a more efficient manner and induce an immune
response. The involvement of the complement system
and especially the non-classical pathway in eliciting
both innate and adaptive anti-viral responses have
been demonstrated in several studies [20, 32] and the
release of complement factor C5a is known to attract
neutrophils to inflammatory sites [9]. Our initial stud-
ies revealed that immunization with phage particles
prior to tumor challenge and phage treatment start did
not augment the treatment efficacy, suggesting a role
of the alternative pathway where antibodies are not
involved. Alternatively, the phages may promote
inflammation by activation of toll-like receptor 9
(TLR-9) on antigen presenting cells and neutrophils. It
was shown that M13 phages possess anti-viral activity
through the induction of IFN-y secretion in a mouse
model of vaccinia virus infection [23], most likely due
to the presence of CpG sequences in their genome.
Although the ability of CpG motifs to activate TLR-9
on neutrophils have been debated [17, 35], the phages
may activate TLR-9 on other subsets of immune cells
such as macrophages and dendritic cells. These
statements are supported by the fact that phages,
regardless of any cell specificity, induce production of
pro-inflammatory cytokines when added to splenocyte
cultures in vitro, as shown in Fig. 5, and after s.c. injec-
tions in vivo (not shown). Additionally, other studies
have reported the secretion of IL-6 and TNF-a upon
phage addition [39].

Neutrophils and NK-cells provide the first innate
cellular defense against invading pathogens and are
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also potent mediators of inflammation. These cells kill
and phagocytose infectious agents and secrete pro-
inflammatory cytokines and chemotactic factors that
recruit other subsets of immune cells to the inflamma-
tory site [29]. The release of various cytotoxic media-
tors by these cells efficiently kills invading organisms,
but can also, under certain conditions, cause damage to
host tissue by a bystander mechanism. After adminis-
tration of tumor specific phages, we have observed the
appearance of skin ulceration and various degrees of
scabbing, followed by the regression of the tumors. We
consider this an indirect effect of the actions of cells of
innate immunity attracted to the tumor area by the
phages. As demonstrated in Fig. 5, addition of phages
to splenocyte culture induces secretion of cytokines
such as IFN-y and IL-12. This could further explain the
occurrence of tissue damage since other studies have
shown that in the presence of various cytokines, includ-
ing IFN-vy, neutrophils are activated to secrete reactive
oxygen species and other cytotoxic agents [15].

In summary, this study describes a novel experimen-
tal approach for treatment of established large tumors
in B16-F10 models. As demonstrated in Figs. 2 and 3,
administration of tumor specific phages is required to
induce a complete tumor regression in initial phases of
treatment. Regardless of tumor type, the specific phage
treatment initially results in the same signs of inflam-
mation, retardation of tumor growth and prolonged
survival. However, the long-term survival is enhanced
by the immunogenicity and possibly induction of adap-
tive immunity associated with the B16/A2K" tumors.
Tumor treatment with tumor specific phages thus offers
a novel treatment modality for established tumors and
warrants further evaluation.
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