Universiteit

w4 Leiden
The Netherlands

Targeting the unstable atherosclerotic plaque : diagnostic

and therapeutic implications
Segers, F.M.E.

Citation

Segers, F. M. E. (2010, May 6). Targeting the unstable atherosclerotic plaque
: diagnostic and therapeutic implications. Retrieved from
https://hdl.handle.net/1887/15348

Version: Corrected Publisher’s Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/15348

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/15348

Chapter

Targeting Inflammatory Plaques by a Novel Phage
Display Derived Peptide Ligand for the CD40
Receptor

Filip M.E. Segers*!, Haixiang Yu*!, Karen Sliedregt-Bol?, Ilze Bot!, Andrea
M. Woltman?, Peter Boross*, Sjef Verbeek?, Herman S. Overkleeft?, Gijs A.
van der Marel?, Cees van Kooten?, Theo J.C. van Berkel*, and

Erik A.L. Biessen'>

("Both authors contributed equally)

1 Division of Biopharmaceutics, Leiden/Amsterdam Center for Drug Research, Leiden University, Leiden,
The Netherlands

2 Leiden Institute of Chemistry and Netherlands Proteomics Center, Gorlaeus Laboratories, Leiden
University, Leiden, The Netherlands

3 Department of Nephrology, Leiden University Medical Center, Leiden, The Netherlands

4 Human and Clinical Genetics, Leiden University Medical Center, Leiden, The Netherlands

5 Department of Pathology, Cardiovascular Research Institute Maastricht, Maastricht University,
Maastricht, The Netherlands

(Submitted for publication)



70

Part I: Targeting the Unstable Atherosclerotic Plagque

Abstract

Background - The CD40/CD40L dyad is deemed to play a central role in several
immunogenic and inflammatory processes, including atherosclerosis. As CD40
is overexpressed in atherosclerotic lesions and interruption of CD40 signalling
was found to retard atherogenesis and stabilize vulnerable plaques, we sought to
investigate the potential of CD40 as target for molecular imaging approaches in
inflammatory disorders such as atherosclerosis.

Methods and Results - We designed a novel, selective peptide ligand for CD40
by phage display. Enriched phage pool selectively bound human CD40 and homed
to inflammatory joints in a murine model of rheumatoid arthritis. Synthetic
peptides corresponding with the phage insert, termed NP31, displayed nanomolar
affinity for CD40. Affinity was further enhanced after docking onto a tetrameric
streptavidin scaffold. A minimal essential 11-mer peptide motif was defined
by truncation and alanine scan studies. Although NP31 was unable to interdict
CD40L binding, it ablated VEGF transcriptional activation and partially inhibited
IL-6 production by CD40L activated endothelial cells. Importantly NP31 did not
only alter the biodistribution profile of a streptavidin scaffold but also markedly
increased accumulation of the carrier in aortic lesions in a CD40 dependent
manner.

Conclusions - The here described potent and selective peptide ligand for CD40
may have potential for targeted imaging and drug delivery approaches in CD40
dependent inflammatory disorders such as atherosclerosis.
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Introduction

The CD40/CD154 (CD40 ligand, CD40L) dyad plays a central role in several
immunogenic and inflammatory processes, including atherosclerosis'>.
Expression and function of CD40/CD154 are not restricted to B and activated T
cells where it is involved in lymphocytic communication, but was seen to extend
to a variety of other cell types relevant to atherosclerosis, such as monocytes,
macrophages, dendritic cells, platelets, mast cells, fibroblasts, endothelial
cells, and smooth muscle cells®8. Ligation of CD40 triggers the expression of
cytokines, adhesion molecules, growth factors, matrix metalloproteinases,
tissue factors and apoptotic mediators®*2. Accordingly, CD40 signalling has been
associated with the pathophysiology of immunodeficiency, collagen-induced
arthritis, neurodegenerative disorders, graft-versus-host disease, cancer, and
atherosclerosist3t8, Disruption of CD40/CD154 led to inhibition of immune
responses and, in keeping, blockade of CD40/CD154 by monoclonal antibodies was
seen to be beneficial in the treatment of autoimmune diseases®®, transplantation'>
20 and atherosclerosist” 2%22, However, antibody therapy to interrupt CD40/CD154
signalling was accompanied with thromboembolic symptoms, which has raised
major concerns for, and in fact precluded, further clinical studies on CD40 therapy
in humans?3. Therefore, alternative, more selective strategies to intervene in
CDA40 signalling are eagerly awaited.

The abundant expression of CD40 at sites of inflammation such as atherosclerotic
lesions and its causal involvement in disease progression also renders CD40 a
promising target for molecular imaging and targeted drug delivery approaches.
In particular when aiming at the vulnerable plaque, CD40 directed molecular
imaging may offer clear advantages as it will allow a more accurate detection
of CD40-dependent inflammatory processes that are a typical feature of these
plaques than mere detection of macrophage or lipid deposition. In this study, we
used phage display, a powerful strategy for unbiased design of novel ligands, to
identify selective peptide antagonists for human CD40 and showed the promise
of newly identified peptides for CD40 targeted imaging of rheumatoid arthritis
and atherosclerosis.
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MATERIALS AND METHODS

Phage libraries

The cysteine-constrained peptide phage library pComb8 CX C, at which X is
any amino acid, was generated at the Department of Biochemistry, University
of Amsterdam, the Netherlands. The pIF15 phage library containing randomized
linear 15-mer amino acids peptide sequence was kindly provided by Dr. Monaci,
IRBM, Rome, Italy.

Antibody and plasmid

Goat anti-mouse IgG (Fc specific) antibody was from Sigma (St. Louis, MO, USA).
Human CD40-murine IgG recombinant protein was from Ancell (Bayport, MN,
USA). Human CD4-murine IgG was kindly provided by Dr. Appelmelk (Vrije
Universiteit, Amsterdam, the Netherlands). Biotin, streptavidin, horseradish
peroxidase conjugated streptavidin (StrepHRP) was from Amersham Bioscience
(Buckinghamshire, England). Streptavidin-R-phycoerythrin (StrepPE) was from
Sigma (St. Louis, MO, USA). Recombinant human soluble CD40L and murine
soluble CD40L were from Santa Cruz (CA, USA). A VEGF-luciferase reporter
construct (a kind gift of Dr. Yu-Tzu Tai, Harvard Medical School) containing
genomic fragment of the human VEGF gene promoter (base pairs -2274 to +745;
pVEGF-Luc) was used for reporter assays as described?*.

Cell culture

Mouse fibroblast L-CD40 cells stably transfected with human CD40 and negative
control L-cells (ATCC: CCL 1.3, murine fibroblasts) were cultured as described?>.
Human Ea.Hy.926 and murine H5V endothelial cells were cultured in Dulbecco’s
modified Eagles’s medium (DMEM) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS), 100U/mL penicillin, and 100ug/mL streptomycin.

Selection of CD40 binding phage

10 pg/mL of goat anti-mouse IgG in coating buffer (50mmol/L NaHCO,, pH 9.6)
was incubated overnight at 4°C in a high binding 96 well plate (Costar, Corning,
UK) at 100 pL/well. Subsequently, wells were washed 3x with 200uL assay buffer
(20mmol/L HEPES, 150mmol/L NaCl, 1mmol/L CaCl,, pH7.4) and incubated for 1h
at 37°C with 200uL blocking buffer (3% BSA in assay buffer). Wells were then
incubated with 100pL 3pg/mL of human CD40-IgG in 100uL of binding buffer
(0.1% BSA, 0.5% Tween 20 in assay buffer, 2h 37°C). After incubated for 2h
at room temperature (RT) with the phage libraries at 10° colony forming units
(CFU) in 100pL of binding buffer, wells were washed 10x with 200uL binding
buffer and bound phage were eluted by incubation for 5 min at RT with 100puL of
elution buffer (0.1mol/L glycine/HCI, pH2.2) and neutralized by addition of 50uL
of neutralization buffer (1mol/L Tris/HCI, pH8.5). Phage were titrated, amplified
and purified as described?¢. Amplified phage was used in further selection rounds.
For DNA sequencing of enriched phage pools, plasmid DNA was isolated from
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single colonies using the Wizard plus SV Miniprep DNA Purification System
(Promega, Madison, USA). DNA sequencing of the plasmids was conducted at the
DNA-sequencing facility of Leiden University Medical Center using standard M13
primers. Unless otherwise stated, the phage pool amplified from a single phage
clone isolated after 5 rounds of selection was used for all further experiments.

Peptide synthesis

NP31 (CMSYEGSWRKWVMWGGCG), scrambled NP31 control peptide (NP3lc,
CEMGWMWGWRGSKYSVCG), biotinylated NP31 (CMSYEGSWRKWVMWGGCGGGK-
biotin, truncated and alanine mutated NP31 peptides were synthesized by Fmoc
solid-phase peptide synthesis on a Multisyntech Syro Multiple Peptide Synthesizer.
Crude peptides were purified by a preparative C,, RP-HPLC (Alltech) on a BIOCAD
VISION automated purification system. Purified peptides were characterized by
LC-MS, MALDI-TOF MS and found to be at least 99% pure.

Competition experiment of CD40 selective phage binding

In analogy to the phage selection procedure, 10ug/mL of goat anti-mouse IgG
in coating buffer was incubated overnight at 4°C in a high-binding 96-well plate,
100uL/well. Wells were washed 3x with assay buffer and incubated for 1h at
37°C with blocking buffer. After incubation for 2h at 37°C with 3ug/mL of human
CD40-IgG (100uL/well), wells were washed 3x with binding buffer, after which the
enriched phage pool at 10°cfu in 100uL binding buffer was added and incubated
for 2h at RT in the presence of NP31 or NP31c peptides. Wells were washed 10
fold with binding buffer and bound phage were eluted by incubation for 5 min
at RT with 100pL elution buffer and neutralized with 50uL neutralization buffer.
Residual phage binding was calculated from the output/input ratio.

Competition ELISA of selective peptide binding to CD40
Streptavidin-horseradish peroxidase (StrepHRP) was incubated for 2h at RT in
phosphate-buffered saline (PBS) (pH7.0) with NP31-biotin at a 1:4 molar ratio,
thus forming a tetrameric NP31-strepHRP complex. For competition studies,
high binding microtiter wells were coated with human CD40-IgG as described
under “Selection of CD40 binding phage”. Wells were incubated for 1h at 4°C
with 250nmol/L NP31-strepHRP in assay buffer in the presence or absence of
tittered amount of peptides. After washing 6x with 200uL assay buffer, the wells
were incubated for 15min at RT with 100uL TMB/H,O, (Pierce, Rockford, USA).
The reaction was stopped by adding 50uL 2mol/L H,SO, and absorbance read at
450nm. The inhibitory potency of the peptides was expressed as percentage of
the specific NP31-strepHRP binding in the absence of peptide after correction for
background binding.
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NP31 peptide selectively binds to cells overexpressing CD40

L-cells stably transfected with human CD40 and CD40 null control L-cells were
collected by centrifugation. 3x10° cells were suspended in 100 uL phosphate
buffered saline containing 1% normal mouse serum and incubated in v-shape 96
well plate for 1h at 49C. NP31-strepPE and strepPE-biotin complex was freshly
prepared by incubating strepPE for 2h at RT with NP31-biotin or biotin at a 1:4
molar ratio. After 2x washing with 100uL PBS, cells were incubated with 50uL
(250nmol/L) StrepPE-biotin or strepPE-NP31 for 1h at 4°C. Cells were then
washed 3x by 100uL PBS, resuspended in 150uL PBS, and then subjected to
FACS analysis.

IL-6 cytokines production in endothelial cells

Cells cultured in 24 well plates were treated with and without sCD40L (10ng/
mL) in the presence of NP31 peptide at indicated concentrations. After 24h, IL-6
that had been released into the culture medium was measured by ELISA (BD
Biosciences Pharmingen, USA).

VEGF-luciferase reporter assay

Cells were seeded at 1x10° cells per well in 24 well plates for 24h. pVEGF-luc was
cotransfected with pRL-CMV reference plasmid (encoding renilla luciferase) using
transfection reagent ExGen 500 (MBI Fermentas) as previously described?. Cells
were incubated at 37°C for at least 24h and then stimulated for 12h by shCD40L
in the absence or presence of synthetic peptide. Cell lysates were prepared and
simultaneously assayed for firefly and renilla luciferase activity using the Dual
Luciferase Assay System (Promega) on a Turner Luminometer.

35S-labeled CD40 selective binding phage effectively home to inflamed
Jjoints in a K/BxN arthritis mouse model

K/BxN mouse model (maintained on a C57BI/6 background) was set up in the
Department of Human and Clinical Genetics, Leiden University Medical Center,
the Netherlands. In brief, repeated injection of 200uL sera from arthritic K/BxN
mice into healthy C57BI/6 recipients induces acute joint damage and cartilage
erosion in the bone within a week?®. The number of swollen paws per mouse was
scored (maximum arthritis score: 4 per mouse). Mice with a score of 3 or higher
were considered arthritic and used in further experiments. CD40 specific binding
phage pool NP31 and non-specific control phage eluted from the second round
of selection were radiolabeled as previously described? and injected at 10° CFU
(~200,000 DPM) in 100pL Tris-buffered saline via the tail vein into anesthetized
C57BL/6 mice or K/BxN mice suffering from joints inflammation (20 weeks old;
male; n=3). After 2h, mice were subsequently perfused for 2min with DMEM
and PBS at 10mL/min via a cannula inserted in the left ventricle. Organs were
removed and weighed. Organ homogenates were obtained by overnightincubation
of ~0.1g tissue with 500uL Solvable at 56°C (Packard bioscience, Groningen, the
Netherlands) and analyzed for associated 3°S radioactivity in a beta counter.
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In vivo organ distribution of CD40 selective peptide ligand

ApoE” (41 £ 6.9 weeks old, chow diet) mice with advanced atherosclerotic lesions
were via the tail vein injected with 1.7 pmol radiolabeled '?°I-Strep-NP31 (n=5) or
[125I]-Strep-biotin (n=5) in 100pl 0.9% sodium chloride (NaCl). After 1h circulation,
mice were sacrificed and perfused with PBS. Organs were removed, weighed
and radioactivity was analyzed using a Wizard 1470 automatic gamma counter
(Perkin Elmer, USA). Aorta and kidney were removed and fixed in 4% formalin.
Aortas were stained for lipids using Oil Red O (ORO) for 30 seconds and plaque
size was characterized as a ratio of relative ORO stained lesion to total aortic
area. Aortas were subsequently subjected to exposure in a phosphor screen at
RT for one week. The intensity of the signal was quantified using ImageQuant
software (Bio-Rad Laboratories, Hercules, CA), and the results were corrected for
injected dose (cpm) and ORO positive stained area. Microsections (7 and 10pum)
of kidney were prepared and were incubated for 1 week with a Kodak BioMax MR
film (Sigma, St. Louis, MO) to detect '?°I signal.

NP31 uptake and colocalization with CD40 in atherosclerotic lesions

Biotinylated NP31 was docked on a PE labelled streptavidin (0.40uM, BD, USA)
in a 5:1 ratio, and was intravenously injected in 1-year old ApoE’/- mice (n=2).
After 1h circulation the mice were perfusion fixed with PBS and then 4% formalin
through the left cardiac ventricle. Serial Cryosections (7 pm, n=4) of aortic valve
area were prepared. Immunohistochemical staining was performed using a CD40
rabbit polyclonal antibody (1:100, Abcam, Cambridge, UK), an Alexa488 labelled
goat anti-rabbit secondary Ab (1:100, Molecular Probes Inc., Eugene, OR) and a
nuclear DAPI staining (Serva Feinbiochemica, Heidelberg, Germany). Slides were
mounted with Fluorescence Mounting Medium (DAKO Netherlands B.V., Heverlee,
Belgium) and analyzed using a Bio-Rad Radiance 2100 MP confocal laser scanning
system equipped with a Nikon Eclipse TE2000-U inverted fluorescence microscope.

Statistical Analysis and animal handling ethics

Values are expressed as mean + S.E.M. A two-tailed unpaired Student'’s t-test was
used to compare individual groups. A level of P<0.05 was considered significant.
Animal experiments were performed at the Gorlaeus laboratories of the Leiden/
Amsterdam Center for Drug Research in accordance with the National Laws.
All experimental protocols were approved by the Ethics Committee for Animal
Experiments of Leiden University.
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RESULTS

Screening of phage displayed peptide libraries against human CD40
Peptide phage libraries pIF15 and pComb8, encoding random linear and cysteine-
constrained 15-mer peptide sequences respectively, were screened for novel
human CD40 binding peptide sequences. To favor selection of peptides binding
to the actual binding pocket of CD40, biopanning was performed on wells coated
with anti-mouse IgG docked human CD40/murine IgG fusion protein, comprising
the 173 amino acid extracellular domain of CD40. The selection pressure
was increased from round three onwards by applying more stringent washes
combined with 10-fold reduced coating densities of CD40-IgG. This strategy led
to approximately 200-fold enrichment of CD40 binding phage for the pComb8
constrained library in the 5 round (figure 3.1A).
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Figure 3.1 Screening and selectivity of CD40 binding phage. (A) Selection of the pComb8 phage
displayed p%ptide library on immobilized human CD40 recombinant protein led to a sharp enrichment
of human CD40 binding phage in the 5th round of selection ﬁ~200 fold increase) &BI'_)) In comparison to
a nonspecific pha?e pool, the enriched phage pool specifically bound to human CD40-IgG but not to
immobilizing agent anti-mouse lg, blocking agent BSA or human CD4-IgG fusion protein. Phage bindin
is expressed as ratio of output to input and represent means +SD of three individual experiments. (C%
Binding of the enriched phage pool to human CD40-Icﬁ;G was determined in the presence of synthetic
peptides encoded by CD40 specific phage clone NP31 (m); a scrambled NP31 sequence was used as
control peptide (V). IC,, values, as calculated from the competition curves were 440 nmol/L. Phage
binding is expressed as ratio of output to input and represent means +SD of three individual experiments.
Streptavidin-PE congjgated NP31 complexes selectively and avidly bound to cells overexpressing
human CD40. CD40- L-cells (D) or L cells stably transfected with human CD40 (E) were incubated
for 1 h at 4°C with freshly prepared NP31-strepPE or strepPE-biotin (250 nmol/L). After washing with
PBS, cells were resuspended and subjected to FACS analysis. Black histogram: strepPE-biotin, Open
histogram: NP31-strepPE. (F) Mean fluorescence intensity of PE* cells was calculated as a measure of
CD40 specific binding of strepPE-biotin gblack bars) and NP31-strepPE (open bars). Values represent
meanstSD of three individual experiments.
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DNA sequence analysis of the CD40 binding phage clones isolated after 5 rounds
of selection from the pComb8 library revealed a single 15-mer cyclic peptide
sequence (CMSYEGSWRKWVMWGGC), termed NP31, in 5 out of 5 phage clones
for the cystine constrained pComb8 library. Sequencing of phage clones isolated
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after 4 rounds of selection gave multiple peptide sequences with a shared motif
(see table 1), the most prominent being NP31, NP58 and NP26 (sequence ratio
3:1:1). Interestingly, parallel phage display of a non-constrained pIF15 linear 15-
mer peptide library resulted in the identification of a consensus peptide sequence
NP2 containing a WRK consensus motif. Discontinuous Blast search for homology
showed that the ABC transporter permease protein contains a WWMWG motif.

Selectivity of CD40 specific binding phage NP31

The specificity of the enriched phage pool was tested in an ELISA based binding
assay onto coated recombinant human CD40-IgG. Of the selected phage clones
NP2, NP26, and NP58 were found to interact with human CD40 in a rather non-
specific manner, either binding immobilising antibody or the polystyrene plate.
In contrast, the enriched phage pool NP31 showed selective binding to anti-
mouse IgG immobilized human CD40 (figure 3.1B). NP31 phage did not bind
to the blocking agent BSA, anti-mouse IgG alone or immobilized human CD4.
As expected, the non-selected parental phage library showed little binding,
confirming the specificity of NP31 for recombinant human CDA40.

Potency and selectivity of phage encoded synthetic NP31 peptides for
CD40

We synthesized a cyclic peptide (NP31), corresponding with the peptide insert
of the CD40 specific phage clone. The capacity of NP31 to interfere with NP31
phage binding to human CD40 was tested in a competition assay (figure 3.1C).
NP31 dose-dependently and potently inhibited binding of the enriched phage
pool to human CD40 at a calculated IC,, of 440nmol/L, whereas the scrambled
control NP31c was completely ineffective up to 100pmol/L. We next verified
whether NP31 was also able to bind full length CD40 receptor expressed on cells.
Concordant with the observation that CD40 interacts with CD40L as trimer or
preformed trimer3®, it was reported to display a similar preference for oligomeric
ligands3!. Hence we have docked NP31, biotinylated at its C-terminal end, to
a streptavidin-PE scaffold, generating a tetrameric NP31-strepPE complex. We
have investigated the ability of strepPE-biotin or NP31-strepPE to bind murine
fibroblast L-cells (figure 3.1D) or L-cells overexpressing human CD40 (figure 3.1E)
by flow cytometry. Quantitative results are given in figure 3.1F. After conjugation
to the streptavidin-PE scaffold, NP31 showed significantly higher binding to
CD40* L-CD40 cells than to CD40 L-cells (P<0.001) at concentrations as low as
250nmol/L. A strepPE-biotin control did not give any differential binding to CD40*
and CD40- cells. In fact the binding of strepPE-biotin to L-CD40 cells was very
similar to that of NP31-StrepPE to CD40- L-cells and significantly lower than that
of NP31-strepPE to CD40+ L-cells.
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Identification of the minimal essential motif of CD40 binding peptide
Based on the partial sequence homology of the linear and cyclic peptide inserts
of the various isolated phage clones, we assumed that recognition of human
CD40 may only implicate part of the NP31 peptide sequence. To characterize the
peptide-CD40 interaction more closely, we set up an ELISA based on binding of
a preformed complex of biotinylated NP31 and streptavidin-HRP (NP31-strepHRP)
to anti-mouse IgG docked CD40. NP31-strepHRP bound avidly to immobilized
human CD40 at 250nmol/L (figure 3.2A). In addition, NP31-strepHRP showed
only basal interaction with anti-mouse IgG, with the blocking agent BSA or
with normal mouse IgG, which served as negative control, indicating that NP31
binding is selective for human CD40 and does not involve the IgG (Fc) domain of
recombinant human CD40-IgG.

Competition studies revealed an inhibitory concentration (IC50) for NP31 of
215nmol/L, which is comparable to the potency of NP31-strepPE binding to
L-CD40 cells and to the IC50 value obtained in the phage displacement studies.
Tetrameric NP31-streptavidin complex, prepared by pre-incubation of NP31-biotin
for 2h at RT with streptavidin at a 4:1 molar ratio, displayed a minor, 2.5 fold
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higher affinity than monomeric NP31 (figure 3.2D, IC50=84nmol/L), pointing to a
stochastic rather than multimeric effect.

To pinpoint crucial amino acids and establish the minimal binding motif within NP31
we next performed truncation and alanine scan studies by displacement of NP31-
strepHRP binding (250nmol/L) to CD40 with 1umol/L NP31 or the NP31 analogues
(figure 3.2B-C). Alanine substitution confirmed the absolute requirement of a cyclic
peptide configuration for effective CD40 binding. The C-terminal amino acids of
NP31 seemed to be essential as well as alanine replacements in this part were not
tolerated. An N-terminal Glu (4) was found to be preferred. Stepwise truncation
of the N-terminal end of NP31 showed that up to 4 amino acid truncations did
not markedly affect the affinity for CD40, indicating that presentation of the
C-terminal part of NP31 is crucial for CD40 binding. Gly (5) and Ser (6) were
replaceable by Ala but could not be left out. Collectively, the truncation and
alanine scan studies identify C(x1x2)WRKWVMWGGC as the essential motif for
selective CD40 binding, where x can be any amino acid and might in fact only
function to provide a proper spatial configuration of the cyclic peptide. This motif
correlates very well with the shared peptide motif encoded by the CD40 binding
phage clones (Table 3.1).

Table 1 Alignment of CD40 binding peptide sequence selected by phage display

Library Phage clone Name
PIF15 DGNVVICWACRERRW N
pComb8 CMSYEGSWRKWVMWGGC NP31

CDLFVMAVGTNLDWWGC NP26
CVERCLASTSSGVKALC NP58
_ABC transporter MSY---—RYHWVMWG

NP31 inhibits CD40L induced VEGF activation and IL-6 production in
endothelial cells

Ligation of CD40 in endothelial cells was shown to induce the expression of
vascular endothelial growth factor (VEGF) at a transcriptional level*2. Hence human
endothelial cells Ea.Hy.926 were transfected with a VEGF reporter construct
at which luciferase expression is under control of the VEGF promoter and the
capacity of NP31 to interfere with CD40 activation was assessed. Luciferase
activity was seen to be induced in hsCD40L treated versus nontreated or NP31
alone treated EC. NP31 at a concentration of 10pmol/L completely abrogated
transcriptional activation of VEGF (figure 3.3A). Similar findings were obtained
in CD40L activated murine H5V endothelial cells, suggestive of antagonistic
activity of NP31 on mouse CD40. Interestingly, C-terminal biotinylated NP31
monomer prevented VEGF activation at concentrations as low as 100nM (figure
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3.3B). In keeping with the displacement studies, the inhibitory effect of NP31 was
potentiated by tetrameric presentation on a streptavidin scaffold (figure 3.3C).
The enhanced potency did not result from streptavidin itself as the latter did not
noticeably affect VEGF activation at 1uM.

In a subsequent study we looked into CD40 dependent production of the
proinflammatory cytokine IL-6 by endothelial cells. In line with previous
studies, recombinant soluble CD40L strongly induced IL-6 release by human
and murine endothelial cells2. This induction was dose-dependently inhibited
by NP31 (P=0.001, figure 3.3D-E) while 1mM NP31 alone showed no effect on
IL-6 production. However, NP31 only conferred partial, 25% reduction of sCD40L
induced IL-6 production.

We finally assessed if NP31 acts as a direct antagonist of CD40L/CD40 interaction.
Both CD40L antibody LL48 and recombinant CD40-IgG protein showed high
binding to L-CD40L cells overexpressing human CD40L. Surprisingly, NP31 up
to 10uM was unable to block binding of CD40-IgG to L-CD40L cells (figure 3.3F)
suggesting that NP31 does not directly interfere with CD40-CD40L interaction.
Conceivably, NP31 acts as an antagonist of CD40 signalling in endothelial cells
but with only partial effect. In further studies we concentrated on the potential of
NP31 in CD40 directed drug delivery or molecular imaging agent.
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Figure 3.3 NP31 blocks VEGF transcriptional activation and Eartially inhibits soluble CD40L
elicited IL6 production in endothelial cells. Dual luciferase VEGF reporter gene assay was used as
readout to measure the functional activity of NP31 on CD40 signalling in human endothelial Ea.hy.926
cells (A) and murine endothelial H5V cells (B, C) after CD40 ligation. Cells were transiently transfected
with pVEGF-luc and pRL-CMV and then stimulated with soluble CD40L at indicated concentrations.
Peptides were added at the indicated concentrations together with the soluble recombinant CD40L.
Cells lysates were assayed for dual luciferase activity after 12 h. Firefly luciferase activity was normalized
for the Renilla luciferase activitg. Values are expressed as luciferase units relative to that of stimulated
cells and refresent meansSD of three independent experiments. (D) Ea.Hy.926 and (E) H5V cells,
cultured in 24 well plates, were treated with shCD40L or smCD40L (10 ng/mL), respectively, in the
Bresence of NP31 at the indicated concentrations. After 24 h, media were collected and IL-6 that had

een released into the culture medium was measured by ELISA. Values represent means +SD of three
individual experiments.
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CD40 binding phage targets inflamed arthritic joints in a K/BxN mouse
model of rheumatoid arthritis

First, we examined the capacity of the CD40 binding phage clone to accumulate
in inflamed knee joints in a mouse model of rheumatoid arthritis (figure 3.4A).
The K/BxN mouse model has previously been demonstrated to represent an
aggressive form of rheumatoid arthritis and the underlying inflammatory response
was shown to be CD40 mediated?> 34, Tissue analysis two hours after iv injection
revealed that radiolabeled NP31 phage displayed a significant, 10-fold increased
accumulation in inflamed (summed front and hind limb joints) compared to
normal knee joints ((P=0.024; figure 3.4B). Accumulation of control phage by
joint was slightly increased as well, which is likely due to enhanced vascular
permeability and/or the abundant presence of phagocytotic macrophages in the
inflamed tissue, albeit that this effect did not reach significance. Importantly,
accumulation of NP31 and control phage in non-inflamed joints did not differ.
Moreover, no differences were observed in the tissue distribution profile of NP31
and control phage, and for both phage liver and spleen appeared to be the most
prominent sites of phage uptake (figure 3.4C).
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=
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C W T phage - K/BxN mice
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Heart Liver Spleen Lung Kidneys

Figure 3.4 CD40 specific NP31 phage home to arthritic joints in a K/BxN mouse model of
rheumatoid arthritis. (A) Representative pictures of joints of healthy C57BI/6 mice which develop
acute joints inflammation after intravenous injection of sera from arthritic K/BxN mice. S labelled NP31
phage (~200,000 DPM, black bars) and non-specific control pha(ljge (eluted from the second round of
selection; ~200,000 DPM, open bars) were intravenously injected into C57BI/6 and K/BxN mice (on a
C57BI/6 background, n=3). After 2 h of circulation, mice were subsequently perfused with DMEM and
PBS, organs were removed and the distribution pattern of organ associated radioactivity in mouse
joints (B) and main organs (C) was determined as a percentage of the injected dose/g tissue. Values
represent means £SD.
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Pharmacokinetics and tissue distribution of NP31 peptide in vivo

As a next step we characterized the in vivo kinetics of NP31 peptide rather than
phage clone. 1?°I streptavidin conjugated NP31 or biotin was intravenously injected
into ApoE”- mice and serum recovery of targeted and non-targeted streptavidin
was determined at the indicated time points (figure 3.5A). NP31 facilitated the
initial phase fast distribution of streptavidin with a half life shorter than 3 min.
In contrast, streptavidin exhibited a passive in vivo uptake pattern with a much
longer half life (~20 min) and slower distribution. The recovery of NP31 targeted
streptavidin was consistently faster than nontargeted group throughout the time
span. The bulky streptavidin nevertheless slows down the clearance of NP31
as seen by 20% residue presence of strepNP31 after 1h circulation. The rapid
clearance of NP31 targeted versus nontargeted streptavidin was accompanied
by a changed biodistribution profile. Upon intravenously (i.v.) injection, the
streptavidin-biotin control was mainly cleared by liver and spleen. NP31 markedly
changed the in vivo kinetics of streptavidin, with an approximately 10- and
3-fold higher accumulation in kidneys and lungs (P<0.001). Uptake and clearance
of 125I-strepNP31 by liver and spleen was sharply reduced in comparison with
the biotin control (figure 3.5B). To exclude the possibility that the high kidney
accumulation of NP31 targeted-streptavidin was a result of blood infiltration, we
examined kidney tissue histologically and by autoradiography. In comparison with
streptavidin, autoradiography of kidney of NP31 targeted streptavidin showed
a significantly higher amount of radioactivity in the renal cortex (figure 3.5C),
which is compatible with the previously described abundant CD40 expression in
kidney epithelial cells®.
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CD40 targeted imaging of atherosclerotic plaques by NP31

CD40 was shown to be highly expressed on atheroma-associated EC, SMCs
and macrophages and in fact it is abundantly present in atheromas of
hypercholesterolemic mice, colocalizing with areas of prominent inflammation**
7. To assess the capacity of NP31 for CD40 directed molecular imaging of highly
inflammatory atherosclerotic lesions, we intravenously injected streptavidin-PE
labelled NP31 (strepPE-NP31) into ApoE7- mice. Nontargeted strepPE served as
a control. Fluorescent image analysis of aorta sections of ApoE”- mice showed
clear peptide accumulation in the atherosclerotic lesion area (figure 3.6B) as a
pink overlay of PE (red) and DAPI nuclei staining (blue). After docking of NP31
strepPE signal largely resided in subendothelial tissue. In contrast, nontargeted
strepPE was barely detectable in plaques (figure 3.6A). Quantitative analysis
showed no difference in plaque size between strepPE control and strepPE-NP31
treated mice. However, NP31 resulted in an approximate 3-fold increase of
PE signal in the plaque as expressed as a percentage of the total plaque area.
(figure 3.6C-D). Furthermore, immunostaining demonstrated overt colocalization
(yellow overlay) of CD40 positive cells (green for CD40 and blue for nucleic DAPI
staining) and strepPE-NP31 (red) (figure 3.6E-G). Importantly, NP31 directed PE
signal only colocalized with CD40 positive but not with CD40 negative intimal
cells. Taken together, these data strongly suggest that NP31 induced homing to
atherosclerotic lesions is CD40 mediated.

Figure 3.6 Streptavidin-PE
docked NP31 colocalizes

with atheroma cells in a
CD40 dependent manner. (A
Streptavidin PE conjugated NP31-
biotin (n=8) or (B) biotin alone as
a control (n=4) was administered
by tail vein injection to ApoE-
~" mice. Mice were sacrificed
and organs were harvested 1 h
after injection. Representative
immunofluorescent
photomicrographs  of  aortic
sections  after  strepPE-biotin
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NP31 peptide targets atherosclerotic aortic artery lesions in ApoE/- mice
As CD40 was reported to be overexpressed in atherosclerotic lesions and in
particular at sites of prominent inflammation* >, we examined the capacity of
NP31 to target aortic artery lesions in ApoE”- mice. Lesion burden, expressed
as relative Oil Red O stained aortic area, amounted approximately 15% (figure
3.7). Importantly, although plaque size in both treated groups did not differ,
accumulation of radioactivity in aortas after !2°I strep-NP31 (n=5) injection
was more than two-fold higher than that after injection of !2°I strep-biotin
(n=5, P<0.001). The arterial distribution pattern of targeted streptavidin was in
accordance with that of lipid deposition. We conclude that NP31 facilitates the
targeting of carriers to atherosclerotic lesions by direct targeting to CD40.

#
PR
’
@
Oil-Red-O staining Autoradiograph
?B\ *kk
5 20¢ S 200f
. T &
o
= 15 3. 1500
o T
@ 100 m‘:" 1001
g d
3 o
g 5 =S 50}
o
0
Control NP31 Control NP31

or | strepNP31 (17 nmol/L) was intravenously injected into aged ApoE"- mice (~41 weeks old, chow
diet, n=5). Representative photomicrographs of tissue sections of longitudinally cut aortas stained for
lipid composition with Oil Red O and radiolabeled NP31 distribution stained with autoradiogram were
shown in upper and lower left, respectively. Relative lesion area (Lipid staining by ORO as a percentage
of total aortic area; odpen bars) and the autoradiogram signal (as a percentage of the maximal silgnal in
12 strepNP31 treated group; black bars) are given in the right panel (Values represent means +SEM ***:
P<0.001). Atherosclerotic lesion area with high signal of NP31 was indicated by black arrows.

Fiqure 3.7NP31 selectiveli targets atherosclerotic aortic lesions in ApoE*- mice. 2% strep-biotin
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Discussion

CD40 signalling plays a key role in various inflammatory diseases such as
atherosclerosis and rheumatoid arthritis> 3. Studies in mice in which the CD40/
CD40L dyad was genetically or functionally disrupted have firmly established
the beneficial effect of blockade CD40 ligation for autoimmune diseases and
atherosclerosis, in particular plaque stability?® 2°. Therefore, intervention
strategies focusing at the inhibition of CD40 activation hold promise for the
treatment of autoimmune diseases. Indeed CD40 directed antibody therapy
proved effective in several immune related ailments but unfortunately suffered
from severe side effects such as thromboembolism?3. Moreover the fact that
CD40 is overexpressed in all major inflammatory cell types (e.g. macrophages,
B-cells, T-cells) and causally implicated in many inflammatory processes, renders
it an attractive target for molecular imaging of acute inflammatory processes
such as apparent in highly inflammatory vulnerable plaques as well. Thus a need
exists for selective CD40 antagonists which do not compromise platelet activity
but bind CD40 to inhibit CD40 mediated inflammatory responses. In this paper,
we describe the identification of a 15-mer constrained peptide, which selectively
binds to human CD40 with nanomolar affinity to confer full inhibition of CD40L
induced VEGF activation and partial inhibition of CD40L induced IL-6 responses.
This peptide ligand conveys phage as well as other carriers such as streptavidin
specifically to sites of inflammation such as the knee joints in a mouse model of
rheumatoid arthritis and atherosclerotic plaques in ApoE”- mice.

Unbiased combinatorial phage display technology was employed to identify novel
peptide ligands with high specificity and potency for CD40, The consensus motif
WRKWVMWSG is relatively rich in tryptophans and basic amino acids. A synthetic
peptide encompassing the WRKWVMWG core motif (NP31) bound selectively and
avidly to CD40 atan IC, of 215-440nM as judged from phage and streptavidin-HRP
displacement assays. FACS analysis confirmed that NP31 interacted with CD40
expressing cells. NP31, when docked onto a streptavidin template displayed even
higher affinity for human CD40, confirming the importance of multimerization for
CD40 recognition.

In view of the bulky size and trimeric configuration of CD40L, it is not surprising
that ligand design for CD40 has been rather unsuccessful. Until now, small
molecule inhibitors for CD40 have not been reported. Efforts had only led to
identification of a linear CD40 binding peptide containing FPGN motif3’, which
does not show any homology to NP31, pointing a separate binding sites on CD40.
Although FPGN peptide was able to enhance the adenoviral infection of dendritic
cells in vitro, it was nonselective and of low affinity. As compared to FPGN, NP31
displayed superior specificity and nanomolar potency for CD40.

Previously, homologues modeling studies have revealed that the interface of
CD40/CD40L complexes comprises a high density of charged residues, with
CD40L and CD40 presenting basic (K143, R203, R207) and acidic side chains
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(D84, E114, E117), respectively®. In keeping the 11-mer GSWRKWVMWGG core
motif identified by truncation and alanine scan indeed confirmed the critical
importance of the C-terminal basic amino acids in CD40 recognition. Thus it
is tempting to assume that the basic amino acids within NP31 interact with a
complementary stretch of acidic amino acids within the binding pocket of CD40.
This notion is seemingly contradicted by our finding that NP31 is unable to disrupt
CD40L binding, although NP31 peptide might not necessarily occupy the complete
CD40L binding pocket to interdict part of the conformational changes and thus
signal transduction pathways induced by CD40L. Alternatively NP31 may be too
small to prevent the proposed multi-site access of CD40L to CD40%* or interact at
a unique binding pocket on CD40 that is not directly involved in CD40L binding.
CDA40 signalling is a complex and only partially understood process and is context as well
as cell type dependent®® “°, The observed discrepancy between complete antagonism of
VEGF transcription and partial of CD40 dependent IL-6 activation by NP31 might arise from
differential interference with TRAF signaling partners in EC. For example, VEGF transcription
is not mediated by nuclear factor (NF)-kB®? and may thus proceed through TRAF2. In contrast,
IL-6 activation after CD40 engagement was found to be involve TRAF6 dependent NF-«xB
activation*'. NP31 seemed to be unable to inhibiting IgA production by B cells or dendritic
cells after CD40L activation (data not shown). Altogether, our data suggest that NP31 acts as
a selective, but partial CD40 antagonist in endothelial cells.

High risk plaques are often moderately stenotic and highly inflammatory in nature. They are
barely detectable by conventional angiographic measures. Given their high inflammatory
cell content, molecular imaging efforts that target on inflammatory markers may be
particularly discriminative. For example passive targeting of plaque macrophages as well as
adhesion molecules, macrophage scavenger receptors, integrins, oxidation, apoptosis and
protease*?*% have been studied in this regard. As CD40 has been functionally implicated
in plaque destabilisation, it is tempting to assume that it constitutes a better candidate
to define the vulnerable plaque. A second advantage of CD40 targeted imaging will be a
direct delineation of atherosclerotic inflammation instead of evaluation lipid deposition or
macrophage infiltration. Finally, although specific and potent monoclonal CD40 antibodies
are available for targeted imaging, they are suffering from large size, potential immunogenicity,
slow kinetics and thus high signal-to-noise ratio in vivo. A small peptide, NP31 may contrast
favourably to CD40 antibodies in terms of accessible and controlled synthesis, flexibility, size
and pharmacokinetics.

In conclusion, we here describe the design by phage display of a novel peptide NP31 which
displays nanomolar affinity for human CD40 and antagonizes part of the CD40L induced
cytokine responses. From truncation and alanine studies we identify an 11-mer core motif
within NP31 to suffice for high affinity binding. Furthermore, we show that NP31 can redirect
phage as well as streptavidin scaffolds to sites of inflammation such as atherosclerotic
plagues in a CD40 dependent manner. We propose that NP31 or NP31 peptidomimetics may
by virtue of their synthetic accessibility, homing capacity and partial antagonistic activity allow
targeted diagnosis of and intervention in inflammatory disorders such as atherosclerosis and
autoimmune disease.
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