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ABSTRACT

Dendrimers are nano-materials with perfectly defined structure and size, and multivalency
properties that confer substantial advantages for biomedical applications. Previous work has
shown that phosphorous-based polyphosphorhydrazone (PPH) dendrimers capped with
azabisphosphonate (ABP) end groups have immuno-modulatory and anti-inflammatory
properties leading to efficient therapeutical control of inflammatory diseases in animal models.
These properties are mainly prompted through activation of monocytes. Here, we disclose new
insights in the molecular mechanisms underlying the anti-inflammatory activation of human
monocytes by ABP-capped PPH dendrimers. Following an interdisciplinary approach, we have
characterized the physicochemical and biological behavior of the lead ABP dendrimer with
model and cell membranes, and compared these experimental set of data to predictive
computational modelling studies. The behavior of the ABP dendrimer was compared to the one
of an isosteric analog dendrimer capped with twelve azabiscarboxylate (ABC) end groups
instead of twelve ABP end groups. The ABC dendrimer displayed no biological activity on
human monocytes, therefore it was considered as a negative control. In detail, we show that the
ABP dendrimer can bind both non-specifically and specifically to membrane of human
monocytes. The specific binding leads to the internalization of the ABP dendrimer by human
monocytes. On the contrary, the ABC dendrimer only interacts non-specifically with human
monocytes and is not internalized. These data indicate that the bioactive ABP dendrimer is

recognized by specific receptor(s) at the surface of human monocytes.
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1. Introduction

Dendrimers are non-linear, hyperbranched, and multivalent polymers that have invested the
fields of nanobiology and nanomedicine.' Indeed, the control of their size and structure during
the synthesis affords tuneable isomolecular compounds. Dendrimers are built starting from a
central core to which are linked one or several series of radial monomers (the so-called
branches). Each monomer is ended by a point of divergence, enabling the dendritic growth of the
molecule by addition of the next generation of branches. The synthesis ends with the addition of
functional groups at the outermost series of branches. The multivalency of dendrimers is a
fundamental property for biomedical applications as polyvalent interactions are ubiquitous in
biology.” Therefore, it was commonly thought that the chemical composition and the number of
the surface groups were the key determinants of the bioactivity of dendrimers. However, six
Critical Nanoscale Design Parameters (CNDPs) for dendrimers (size, shape, surface chemistry,
flexibility/rigidity, architecture and elemental composition) has been proposed recently.” It is
worth noting that among the CNDPs, at least three (size, flexibility/rigidity, and architecture) are
directly related to the internal dendritic structure. Recently we have demonstrated
unambiguously that the dendritic scaffold is not an inert carrier of the surface groups of the
molecules as the overall three-dimensional conformation induced by the entire structure
(including the core and the branches) is crucial for the efficiency of dendrimer nanodrugs.4 For
example, to increase the ability of the dendrimer to establish multivalent interactions, the number
of surface groups is not the unique important variable, but it is essential that the dendrimer can
re-orient and gather the surface functionalities to increase the density of active groups. This
clearly pertains to the flexibility/rigidity of the internal scaffold, and to the overall conformation

that the dendrimer assumes in the solvent. In particular, Poly(PhosphorHydrazone) (PPH)
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dendrimers ended with phosphonate groups have the required directional conformation which
enables their immuno-modulatory properties toward the human immune system in vitro.””
Moreover, the anti-inflammatory properties of a first generation PPH dendrimer functionalized at
its surface with twelve azabisphosphonate groups (dendrimer 1, Fig. 1) have been challenged in
vivo in animal models of chronic and acute inflammatory diseases. The dendrimer 1 has proven
its efficacy in rodent models of both experimental arthritis (chronic disease)'® and endotoxin-
induced uveitis (acute disease).'' This unique molecule is a promising drug-candidate for the
treatment of inflammatory diseases in human'? as it does not show any general or immunological
sub-chronic toxicity in a non-human primate model after repeated intravenous injections."
Among human Peripheral Blood Mononuclear Cells (PBMC), we have shown that the dendrimer
1 primarily targets monocytes and activates them toward an anti-inflammatory pathway.>
Herein, by combining chemistry with computational, physicochemical, and biological
studies, we disclose new results related to the understanding of the interactions between the
dendrimer 1 and human monocytes in vitro. The physicochemical and biological behavior of
dendrimer 1 has been compared to those of an isosteric analog bearing twelve azabiscarboxylate
groups (dendrimer 2, Fig. 1) which had been synthesized previously.14 In a first step,
computational analyses has provided the molecular description of the non-specific adsorption of
both dendrimers on a phospholipidic bilayer. Then, physicochemical studies have confirmed the
computational assessments, showing very weak non-specific interactions of both dendrimers
with models of phospholipidic bilayers. In a last step, biological experiments have shown that,
contrary to dendrimer 1, dendrimer 2 is unable to activate human monocytes in vitro. On the

same track, experimental biochemical studies have indicated that dendrimers 1 and 2 have
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different abilities to bind to human monocytes in vitro, resulting in the internalization of the

former, unlike the latter.

PPH inner structure:

NG N
@- Mg / =f°‘©jsff‘f
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outershell functionalization:

X
( X=PO3HNa (1)
,‘ N ;,o—@—/_ X X=CO;Na(2)

Fig. 1 Structure of dendrimers 1 and 2. Complete two-dimensional structures of dendrimers 1
and 2 are given in Fig. S17.

2. Materials and methods

2.1 General procedures

All reactions were carried out in the absence of air using standard Schlenk techniques and
vacuum-line manipulations when carried out in organic solvents. Commercial samples were used
as received. All solvents were dried and distilled according to routine procedure before use. Thin
layer chromatography was carried out on Merck Kieselgel 60F254 precoated silicagel plates.
Preparative chromatography was performed on Merck Kieselgel. 'H, '*C, *'P NMR, HMQC and
HMBC measurements were performed on Bruker ARX 250, DPX 300, AV 400 and AV 500.
Coupling constants are reported in Hz and chemical shifts in ppm/TMS for 'H and "*C. Chemical
shifts for *'P spectra are calibrated with phosphoric acid as an external reference. The first-order
peak patterns are indicated as s (singulet), d (doublet), t (triplet), q (quadruplet). Complex non-
first-order signals are indicated as m (multiplet). BC NMR signals were assigned using HMQC

and HMBC sequences when required. The numbering used for NMR assignment is depicted on
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Scheme 1. The following compounds have been prepared according to published procedures:
julolidine-cored dendrimer 3,"> dendrimer 1, dendrimer 2,'* dendrimer 6."” The preparation of the
terbutoxy-protected aminobiscarboxylate phenol derived from tyramine was adapted from

. 14
described procedure.

c? ¢

¢ ¢? Co? g s
1 co' g O\ c,! c4
e, Sl
ve? NlC HN N-N o /s

C
N c'/ %

Scheme 1. Numbering scheme for NMR assignments.

Dendrimer 7: To a solution of dendrimer 3 (200 mg, 0.104 mmol) in THF (10 mL) was
added aminobis(fert-butyl acetate) tyramine'* (416 mg, 1.14 mmol) and cesium carbonate (708
mg, 2.17 mmol). The solution was stirred and maintained at room temperature for 72h. The
supernatant was centrifuged, filtered and evaporated to dryness under reduced pressure. The
resulting crude material was diluted in THF (1 mL) and precipitated with a large amount of
pentane (150 mL). The suspension was stirred for 1h at RT then the supernatant was removed by
filtration. This step was repeated 5 times to afford dendrimer 7 as a yellow powder (420 mg,
65%).

3p_{'"H} NMR (CDCls, 202.5 MHz): 5 = 8.38 (s, N3P3); 63.11 (s, P=S); 63.22 (s, P=S).

'H NMR (CDCls, 500.3 MHz): § = 1.45 (s, 180H, O-CH3); 1.95 (m, 4H CH,-CH,-CH,-N);
2.75 (m, 24H, Ph-CH,-CH,-N and CH,-CH,-CH,-N); 2.92 (m, 22H, Ph-CH,-CH,-N and CH>-
CH,-NH); 3.29 (s, 19H, N-CHj3 and CH,-CH,-CH»-N); 3.45 (s, 42H, N-CH,-CO and CH,-CH>-
NH); 6.94-7.12 (m, 54H, C*-H, Co>-H, C*-H, C,>-H, C,’>-H); 7.41 (s, 2H, C*-H); 7.61-7.66 (m,

15H, CH=N and C¢’-H); 7.95 (s, 1H, HC=C-CN).
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BC{'H} (CDCls, 125.8 MHz): § = 21.2 (s, CH,-CH,-CH,-N); 27.6 (s, CH,-CH,-CH,-N);
28.2 (s, O-CHj3); 33.0 (s, N-CH3); 34.2 (s, Ph-CH,-CH,-N and CH,-CH,-NH); 41.5 (s, CH,-CH,-
NH); 50.1 (s, CH,-CH,-CH»-N); 56.0 (s, N-CH,-CO, and Ph-CH,-CH»-N); 77.0 (t, O-CH3); 80.9
(s, C(CH3)3); C=N signal could not be observed; 120.7 (s, Co*and C*); 121.3 (m, C;*-Hand C?);
128.2 (s, Co>-H); 129.8 (s, C,>-H); 131.0 (s, C*); 132.1 (s, Co*, C' and C*); 135.7 (s, C*); 137.1
(s, C,*-H); 138.7 (broad s, CH=N); 147 (s, C*); 148.9 (d, C,"); 151.2 (broad s, Co' and C); 152.2
(s, HC=C-CN); 170.6 (s, CO,) ppm.

Dendrimer 8: dendrimer 7 (300 mg, 0.058 mmol) was solubilized in a solution of TFA (20%
in dichloromethane, 16.5 mL). The reaction mixture was stirred at room temperature for 1h and
evaporated to dryness. Then ethyl acetate (15 mL) was added, stirred for 10 min at RT and
evaporated to dryness. This step was repeated 8 times. The resulting powder was suspended in
AcOEt (15 mL) and treated with 1 M HCI/Et,O (1 mL) for 30 min at RT. The mixture was
triturated with Et,O (100 mL) for 15 minutes to afford a yellowish precipitate. The supernatant
was removed by filtration. The resulting crude material was triturated in AcOEt (15 mL) for 30
min at RT and evaporated to dryness. This step was repeated 3 times until complete removal of
TFA ("’F NMR) to afford dendrimer 8 (220 mg, 93%) as a yellow powder.

Sp_{'"H} NMR (DMSO, 202.5 MHz): 5 = 8.47 (s, N3P3); 62.98 (s, P=S); 63.28 (s, P=S).

'H NMR (DMSO, 500.3 MHz): § = 1.82 (s, 4H, CH,-CH,-CH,-N); 2.61 (s, 4H, CH,-CH,-
CH,-N); 2.71 (s, 2H, CH,-CH,-NH); 2.89 (m, 20H, Ph-CH,-CH,-N); 3.25-3.36 (m, 37H, Ph-
CH,-CH»-N, N-CH3 and CH,-CH,-NH); 3.86 (s, 4H, CH,-CH,-CH»-N); 4.03 (s, 42H, N-CH>-
CO); 6.80 (d, 2H, C*-H); 6.94 (d, 4H, C>-H); 7.07 (s, 30H, Co>-H, C,%-H); 7.22 (s, 22H, and
C,*-H and C*-H); 7.33 (s, 2H, C*-H); 7.66 (m, 10H, Co>-H); 7.92 (d, 5H, CH=N); 8.14 (s, 1H,

HC=C-CN).
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BC{'H} (DMSO, 125.8 MHz): § = 21.1 (s, CH,-CH,-CH,-N); 27.5 (s, CH,-CH,-CH,-N);
28.2 (s, O-CHs); 30.3 (s, Ph-CH,-CH,-N); 33.5 (d, N-CH3); 34.7 (s, CH,-CH,-NH); 40.1 (s,
CH,-CH,-NH); 49.8 (s, CH,-CH,-CH,-N); 54.8 (s, N-CH,-CO); 56.8 (s, Ph-CH,-CH,-N); 118.1
(s, CN); 120.8 (s, C*and C*); 121.5 (s, Co® and C,?); 128.7 (s, Co’); 130.6 (s, C;” and C); 132.6
(broad, Co*, C*and C"); 135.2 (s, C;* and C*); 140.8 (broad s, CH=N); 148.4 (s, C*); 149.2 (m,
C"); 151.0 (broad, C,', C', HC=C-CN); 169.2 (s, CO,) ppm.

Dendrimer 9: dendrimer 8 (220 mg, 0.054 mmol) was suspended in water (10 mL). Then a
solution of sodium hydroxide (0.2 mol.L"", 5.4 mL) was added dropwise at 0°C. The resulting
solution was filtered (20 pm) and freeze-dried to obtain dendrimer 9 as a yellow powder (220
mg, 90%).

3'p_{"H} NMR (D,0/CD;CN, 4:1, 202.5 MHz): 6 = 9.51 (d, N5P3); 63.16 (s, P=S); 63.47 (s,
P=S).

'"H NMR (D,0/CD;CN, 4:1, 500.3 MHz): 6 = 1.69 (broad, 4H, CH,-CH,-CH,-N); 2.41 (s,
4H, CH,-CH,-CH,-N); 2.78 (s, 2H, CH,-CH,-NH); 3.03 (m, 22H, Ph-CH,-CH,-N, CH,-CH,-
NH); 3.30-3.53 (m, 39H, Ph-CH,-CH,-N, N-CH; and CH,-CH,-CH,-N); 3.83 (s, 40H, N-CH,-
CO); 6.74-6.88 (m, 16H, C*-H, C>-H, Cy>-H and C*-H); 7.10 (s, 20H, C,*-H); 7.23 (s, 20H, C,’-
H); 7.38 (d, 2H, C*-H); 7.59 (s, 10H, Co>-H); 7.87 (m, 5H, CH=N).

BC{'H} (D,O/CDsCN, 4:1, 125.8 MHz): 6 = 29.1 (s, CH,-CH,-CH,-N, CH,-CH,-CH,-N,
CH,-CH,-NH, CH,-CH,-NH); 32.8 (s, N-CH3); 56.5 (s, CH,-CH,-CH,-N); 57.4 (s, N-CH,-C);
C=N signal could not be observed; 121.5 (s, Coz, C12, Cz, C3’); 128.5 (m, COZ,C03); 130.5 (s, C,-
H, C*); 133.9 (s, C", C?, Co*, C*, C,*); CH=N signal could not be observed; 149.4 (m, C,', C;

and C,"); 150.7 (s, HC=C-CN); 169.7 (s, CO,, CO) ppm.
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2.2 Computational methods

The entire simulation work was carried out using the AMBER 12 simulation package.'® The
molecular models for dendrimers 1 and 2 were created as already described.® Their interaction
with the biomolecular target was parametrized according to a validated strategy.'” "

We built and simulated a molecular model of POPC lipid bilayer membrane according to a
validated procedure.” The membrane model was constructed as composed of 144 POPC lipids
with the CHARMM-GUI membrane builder’'** and solvated with TIP3P explicit water
molecules. A suitable number of Na" and C1” ions were added into the system to reproduce the
experimental ionic strength of 150 mM NaCl. The POPC lipid molecules were parametrized
according to the Lipid11 force field.”® The parameters used in the simulations are consistent with
what reported previously in the literature for similar systems.20 After initial minimization, the
POPC lipid bilayer model was initially heated to 310 K (37°C) during 100 ps of MD simulation
in NVT (constant number of N: atoms, V: volume, and T: temperature in the system) periodic
boundary conditions. During this phase the solute was maintained as fixed. All restraints were
then removed and the membrane model was equilibrated for 300 ns of MD in NPT periodic
boundary conditions at the experimental temperature of 37 °C and 1 atm of pressure using semi-
isotropic pressure scaling. A constant surface tension of y=17 dyne.cm™ with interfaces in the xy
plane was applied during the MD run. During the MD simulation, the POPC bilayer reached the
equilibrium showing good consistency with the experiments (area per-lipid of ~64-67
A/lipid).**#

As a next step, the pre-equilibrated dendrimers 1 and 2 were put in proximity of the pre-
equilibrated POPC membrane, and the obtained complex systems were again solvated in explicit

water and counter ions from 150 mM NaCl. After initial minimization and heating (as described
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previously), the complex systems underwent 500 ns of MD simulation in NPT periodic boundary
conditions at 37 °C of temperature and 1 atm of pressure (under the conditions described above).
All MD runs used a time step of 2 femtoseconds, the Langevin thermostat and an 8 A cutoff. The
long-range electrostatic effects were treated according to the particle mesh Ewald (PME)
approach.”* The SHAKE algorithm was used to treat all bonds involving Hydrogen atoms.”
During the MD runs, the dendrimers interacted with the POPC bilayer. The time evolution of the
interaction between the dendrimers and the membrane model was monitored with the ptraj
module of AMBER 12. In particular, the number of contacts between dendrimers 1 and 2 with
the POPC bilayer, and the distance between the atoms of the dendrimers (surface and core) from
the lipid bilayer center were used to study the interactions and their equilibration. After =350 ns
of simulation both systems reached the equilibrium. Additionally, the radial distribution
functions — g(r) — of the dendrimers center of mass calculated respect to the lipid bilayer center

was also obtained with the p#raj module of AMBER 12.
2.3 Multi-Lamellar Vesicles

MLV were prepared according to a procedure described in the literature.”® In a round bottom
flask the DPPC or DPPC/POPC:75/25 powder was dissolved in pure chloroform. The solvent
was evaporated to dryness under reduced pressure at room temperature. The resulting dried film
of phospholipids was rehydrated with an appropriate amount of PBS solution and was cooled in
liquid nitrogen until frozen then heated at a temperature of 52°C (above the main transition
temperature) for 30 minutes. This protocol was performed five times in a raw; the resulting
suspension was then stored at 4°C. In normal physiological conditions, monocytes present an
average diameter superior to 15 umz whereas generation 1 PPH dendrimers have a mean

diameter around 2 to 3 nm in aqueous solutions. The order of magnitude of the average size and

10
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the concentrations of MLV in the buffer medium were then determined so as to be as relevant as
possible, taking into account the size of monocytes and the dendrimer concentration used in a
typical monocyte activation experiment, i.e., 20 uM ex vivo. Dynamic Light Scattering (DLS)
technique was employed to measure the hydrodynamic radius of the MLV in 10-fold, 15-fold
and 20-fold diluted samples of DPPC and DPPC/POPC:75/25 suspensions. The systems were
found to be very heterogeneous, showing the presence of a population with an average size
between 3.5 and 4.5 pm, and the presence of populations with sizes superior to 10 um, which is
the instrumental limit of detection. Despite this heterogeneity, the difference was considered as
acceptable for this model system. In a 30 mM suspension, the concentration of vesicles measured
with a hemocytometer by optical microscopy was found to be in the order of 10° vesicles.mL™.
Assuming a monocyte concentration of 1.5 million cells.mL" in monocyte activation
experiments typically run at a 20 pM dendrimer concentration,” the final dendrimer/monocyte
ratio in ex vivo cultures was supposed to be about 10™* mol.cell™’. A suitable dendrimer/MLV
ratio of 3.10™* mol.vesicle™ was obtained with 30 mM suspensions of phospholipids containing

10% molar ratio (3.10° mol.mL™") of dendrimer.
2.4 Differential Scanning Calorimetry

Prior to DSC analyses, MLV suspensions were diluted with PBS (to register thermograms of
pure MLV) or with dendrimer-buffer solutions (to investigate MLV -dendrimer systems) to a
DPPC or DPPC/POPC:75/25 final concentration of 30 mM. The DSC technique was first
optimized on pure DPPC suspensions in order to determine the DPPC concentration at which the
main transition peak is strong enough to allow retrieval of reliable calorimetric data. A 30 mM
concentration of DPPC and of DPPC/POPC:75/25 in the sample was found to be optimal to

study the transition signal during heating to maximal temperature at v=1°.min™" (Ty).

11
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Extrapolated maximal temperature at v=0°.min™" (Ty,, v=0) and endothermic AH were measured
as the area under the curve for each heating cycle and normalized per mole of phospholipid.
Main DSC experiments were run on 30 pL of phospholipid suspensions and dendrimer-
phospholipid mixtures at 10% molar ratio; samples were put in aluminum crucibles, sealed with
lid; an empty crucible was used as reference. All analyses were performed with a Perkin-Elmer
Differential Scanning Calorimeter, in a temperature range between 10°C and 60°C; six
heating/cooling cycles were programmed, the first two at a scanning rate of 20°/min and 10°/min
(for sample equilibration and exemption of thermal history) and the subsequent four at a rate of
1°/min; isothermic steps of 10 min at 10°C were also programmed between heating/cooling
cycles. Thermograms and calorimetric data were elaborated and calculated by the Perkin Elmer

“Pyris Series” software.
2.5 PBMC purification

Fresh blood samples were collected by the “Etablissement Francais du Sang”, the only
institution accredited for blood sampling in France. Scientific experimentation with human
material were conducted according to EU treaties ETS N. 164 of 04/04/1997 and ETS N. 168 of
12/01/1998 (additional protocol), regulating the protection of human rights and dignity of the
human being in Biology and Medicine. Accordingly, informed consent of healthy donors for
research purpose was obtained, and the identity as well as any other type of information
regarding blood donors have been treated as strictly confidential. Procedures to ensure protection
and confidentiality of data were based on anonymity of samples.

PBMC were prepared on a Ficoll-Paque density gradient (Amersham Biosciences AB,
Upsalla, Sweden) by centrifugation (800 g, 30 min at room temperature). Collected PBMC were

washed twice and finally diluted at 1.5 million cells per mL in complete RPMI 1640 medium,

12
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i.e., supplemented with penicillin and streptomycin, both at 100 U per mL (Cambrex Bio
Science, Verviers, Belgium), 1 mM sodium pyruvate and 10% heat-inactivated fetal calf serum

(both from Invitrogen Corporation, Paisley, UK).
2.6 Monocyte purification and culture

Highly pure CD14" monocytes (over 95%, as checked by flow cytometry) were negatively
selected from PBMC by magnetic cell sorting (Dynabeads Untouched Human Monocytes,
Invitrogen Dynal AS, Oslo, Norway) according to the manufacturer’s instruction manual.

Purified monocytes were diluted at 1.5 million cells per mL in complete RPMI 1640 medium.
2.7 Bioactivity of dendrimers

2.10° monocytes were cultured in 200 pL of complete RPMI 1640 medium in a 96-well
plate for 72 to 96 hr. Dendrimers 1 (positive control), 2, 6 or 9 were added at the beginning of
the cultures at the specified concentration, between 1 and 50 uM. Morphological changes, and
thus activation of monocytes, were analyzed by flow cytometry using a FACS-Scan cytometer

(BD Biosciences, San Jose, CA, USA).
2.8 Quantification of the binding of dendrimers on monocyte cell surface

To assess the total binding of dendrimers, purified monocytes were incubated for 30 min at
4°C with fluorescent dendrimers 6 or 9 at the specified concentrations. The binding was
quantified by flow cytometry as the mean fluorescence intensity (mfi) of the monocytes (FACS-
Scan cytometer). The mfi base line was quantified with purified monocytes incubated with
dendrimers 1 or 2 in the same conditions. This mfi value was subtracted from the mfi measured

on monocytes incubated with fluorescent dendrimers.

13
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The non-specific binding was quantified as follows: in a first step, purified monocytes were
incubated for 15 min at 4°C with 200 uM of dendrimers 1 or 2, then the specified concentrations
of dendrimers 6 and 9 were added for 15 min at 4°C. Cells were extensively washed before flow
cytometry analysis which was used for quantification of mfi.

The specific binding was calculated by subtracting the non-specific binding from the total
binding.

For the competition binding: in a first step, purified monocytes were incubated for 15 min at
4°C with 50 uM of dendrimer 6, then the specified concentrations (between 10 nM and 1 mM) of
dendrimer 1 were added for 15 min at 4°C. Cells were extensively washed before flow cytometry

analysis which was used for quantification of mfi.

2.9 Internalization of dendrimers by monocytes

Purified monocytes were incubated for 30 min at 37°C with fluorescent dendrimers 6 or 9 at
20 uM. Internalization was assessed using a LSM 510 confocal microscope (Carl Zeiss, Iena,
Germany) equipped with the 63X lense (ON 1.4 Plan-Apo) with a (x2) numeric zoom. Images

were implemented with the LSM Image Browser software.

3. Results and discussion

3.1 Chemical syntheses of relevant fluorescent nanomolecular tools

Fluorescently labelled dendrimers 6 and 9, analogues of dendrimers 1 and 2 respectively,
have been designed to visualize the interactions of PPH dendrimers with the cell membrane of

monocytes. For this purpose, a common strategy consists in grafting stochastically a fluorescent

14
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probe onto the surface of the dendrimer target, resulting in the production of a population of
dendrimers.?” This stochastic approach, albeit time-saving, suffers from two major drawbacks
which are 1) the obtaining of stochastic objects which are not easily characterized, ii) the
presence of the fluorescent probe on the biologically interacting surface of the dendrimer which
might alter the biological response. Oppositely, the core labelling strategy that has been
developed in previous synthetic approaches might appear much more tedious to achieve,?® but
this option results in perfectly defined dendrimeric molecules. Consequently, we have designed
dendrimer 9, the fluorescent analogue of dendrimer 2, using the strategy which has been used to
design dendrimer 6, the fluorescent analogue of dendrimer 1 (Scheme 2)."* The synthetic
approach relies on a fluorescent dendrimeric synthon 3 having a julolidine derivative at the core
and PSCl, surface functions. Dendrimer 3 is obtained from hexachlorocyclotriphosphazene by
controlling the number of nucleophilic substitution of the chlorine atoms with a phenol bearing a
julolidine-derived tag."” Its surface is modified by nucleophilic substitution of the chlorine atoms
by a fert-butoxy-protected carboxylic acid-based phenol derived from tyramine in the presence
of cesium carbonate in THF. The reaction is easily monitored by *'P NMR, as for other PPH
dendrimers.*” The dissymmetry of the dendrimer 7 is evidenced on the *'P NMR spectrum by the
presence of two singlets at 63.1 (major) and 63.2 (minor) ppm in almost a 3 to 2 ratio,
corresponding to the phosphorous atoms located at the divergent point and occupying the half
spaces separated by the cyclotriphosphazene. A significant broadening of typical signals of the
thiophosphorhydrazone branches is also observed on the 'H and ">C-{'H} NMR spectra.
Following fert-butoxy deprotection, the dissymmetry is also traduced on the *'P NMR spectrum
of the resulting polycarboxylic acid dendrimer 8, and its sodium salt 9, by a set of two singlets at

62.98 and 63.28 ppm, and 63.16 and 63.47 ppm, respectively. As previously described in a
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previous study,'* the PPH scaffold is not affected by the terz-butoxy removal procedure.
Contrarily, the julolidine moiety was found to be rather sensitive to the conditions of reaction. As
a consequence, we were unable to completely remove the ters-butoxy groups. Approximately 3%
of tert-butoxy groups were found to be uncleaved following the optimized procedure of
deprotection, as traduced by the presence of a typical signal at 1.39 ppm on the 'H NMR

spectrum of 8.

Scheme 2. Synthesis of fluorescent analogs of dendrimers 1 (dendrimer 6) and 2 (dendrimer 9).

E . HNf@C*‘”ﬁM}Q

or
A: 1/ HO-CgH,-CH,-CH,-N(CH,-POsMey), | B: 1/ HO-CgHy-CH,-CHo-N(CH,-COtBU),

(%)

2/ BITMS 2/ CF{COOH/CH,Cl,
3/ MeOH 3/ HONa
4/ HONa
J J
N) N)

M )
A: 4 (X=PO;Me;) B: 7 (X=CO,tBu)
5 (X=PO3H,) 8 (X=CO,H)
& (X= PO3HNa) 9 (X=CO,Na)
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3.2 All-atom MD simulations show superficial adsorption of the PPH dendrimers with a

lipid bilayer

To obtain a predictive description of the interaction between the dendrimers and a lipid bilayer at
a detailed molecular level, we have employed all-atom Molecular Dynamics (MD) simulations
of dendrimers 1 and 2 in the presence of a POPC membrane model. We have recently reported
all-atom MD simulations of dendrimer 1 in solution at 37°C in presence of explicit water
molecules and NaCl (150 mM).4 A similar molecular model of dendrimer 2 was created for the
study (Fig. 2). A molecular model of a portion of membrane composed of 144 POPC lipids was
initially equilibrated for 300 ns of MD simulation in NPT (constant number of N: atoms, P:
pressure, and T: temperature in the system) periodic boundary conditions in a solution containing
explicit water molecules and the suitable number of Na" and CI ions to reproduce the
physiological and experimental NaCl concentration of 150 mM. During this time, the POPC
membrane reached the equilibrium with good stability, and converged to an area per-lipid of

20,23 .
> Dendrimers

~64—67 A*/lipid (Fig. S31), in optimal consistency with the experimental values.
1 and 2, pre-equilibrated in solution, were put in proximity of the pre-equilibrated POPC bilayer
as shown in Figure 2a, and the obtained complex systems were again solvated with explicit water
molecules and Na" Cl” ions. Both systems underwent 500 ns of unbiased all-atom MD simulation
in NPT conditions. All systems reached the equilibrium in the MD regime after =350 ns of
simulation. During the MD runs, dendrimers 1 and 2 interact with the lipid bilayer (Fig. 2b): first
intermittently, during the first <150 ns, and then more stably, as it is demonstrated in Figure 2¢
by the number of intermolecular POPC-dendrimer contacts as a function of simulation time. In

fact, after =150 ns both dendrimers undergo structural rearrangement attempting to fit their

hydrophobic core in the interior of the lipid bilayer, and leaving the hydrophilic and negatively
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charged surface groups exposed to the external solution. Since this behavior is revealed during
unbiased MD simulations, this is representative of the spontaneous interaction of the dendrimers
with the POPC membrane.

Figures 2b and d show similar mechanisms of penetration for both dendrimers based on

local adsorption of the hydrophobic core into the bilayer. This effect was quantified by extracting
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black: average height of the lipid heads (center of mass). In particular, the hydrophilic surface
groups stay exposed to the solvent, while the hydrophobic core is locally adsorbed inside the
lipid bilayer.

Fig.2 Modeling the non-specific interaction between dendrimers and lipid bilayer in solution.
(a) Initial configurations of the complex simulated systems containing dendrimers 1 and 2 in the

configurations of the simulated systems. (c) Number of contacts between the dendrimers and the

(dendrimer 1 in green, dendrimer 2 in blue). (e,f) Assessing the mechanisms of interaction: after
initial intermittent interaction, the two dendrimers are adsorbed on the POPC bilayer surface. In
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from the MD trajectories the average distances between the dendrimers surface (red) and core
(blue) atoms from the center of the lipid bilayer (height equal to 0 in Fig. 2e and f). It is
interesting to compare the surface and core atoms displacement with the position of the lipid
phosphorylated head groups (Fig. 2e and f: black). The data provide a picture of the structural
reorganization occurring after =150-200 ns of MD simulation, where the hydrophobic core is
locally absorbed in the POPC membrane. The negatively charged surface groups of the
dendrimers (Fig. 2b and d: red) act as “umbrellas”, limiting dendrimers penetration into the
membrane. Since the surface groups of dendrimer 2 are smaller than those of dendrimer 1, this
produces a slightly deeper penetration of dendrimer 2 in the bilayer, albeit this difference is very
subtle.

The radial distribution functions g(7) of the dendrimers center of mass respect to the bilayer
surface (phosphorylated head groups) were also calculated from the MD trajectories (Fig. S4).
The g(r) of dendrimers 1 and 2 respect to the lipid bilayer center is found to be very similar,
suggesting that the non-specific interactions of the two dendrimers with the POPC membrane are
nearly the same, and that these are, in general, very weak.'”'®*" Thus, the MD simulations depict

the non-specific interaction between the dendrimers and the lipid bilayer as local and superficial.

3.3 DSC experiments confirm only weak non-specific interaction of the PPH dendrimers

with lipid bilayers

The different surface functions generated on the four dendrimers could evidently affect the
physicochemical behavior thereof as well as the cell/dendrimer interaction phenomenon.
Therefore, we have undertaken a physicochemical characterization of the four dendrimers

involved in this study. The zeta potential of the dendrimer is considered to be essential to the
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adsorption on the negative cell membrane.”’ We have determined that all dendrimers have

strongly negative zeta potential of -55 mV for dendrimers 1 and 6 and -35 mV for dendrimers 2

and 9. Since most biological cells have negative zeta potentials, it is likely that the four

dendrimers with also significantly negative zeta potentials are not able to stick non-specifically

to cells but can most probably interact through a receptor-mediated interaction that allows their

binding only when the receptor-ligand interaction is strong enough to overcome electrostatic

repulsions. Moreover, these values combined with the measurement of the mean hydrodynamic

diameters, at around 4 and 6 nm in solution for all dendrimers, show that they all have a good
stability in solution and do not aggregate at the concentrations used for biological experiments.
Then, information regarding the interactions of dendrimers 1 and 2 with phospholipid bilayers
were evaluated from the modifications in the thermotropic behavior of pure DiPalmitoyl
PhosphatidylCholine (DPPC) and mixed DPPC/POPC:75/25 (POPC: 1-Palmitoyl, 2-Oleyl

PhosphatidylCholine) multi-lamellar vesicles (MLV) measured by Differential Scanning

Calorimetry (DSC, Table 1).

Table 1 Main transition calorimetric data'™ for MLV suspensions of DPPC/POPC:75/25 (30

mM) alone, and with dendrimers 1, 2, 6 or 9 (3 mM).

Scan Tm (°C) AHP!
number

MLV alone 1 37.93 -4.37
4" 37.96 -4.30

MLV +1 1 37.99 3.72
4" 38.04 -3.65

MLV + 6 1 37.33 -3.66
4" 37.54 3.72

MLV + 2 1 38.07 -3.57
4" 38.15 -3.63

MLV + 9 1 38.50 -3.75
4" 38.65 -3.75

[a] Values are given for heating cycles. Cooling cycles gave
[b] AH: transition enthalpy

comparable absolute values.

normalized per mole of phospholipid. Unit is kcal.mol™.
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DSC is a technique used to probe alterations of the bilayer structure induced by external
substances, such as possible dendrimer incorporation. These alterations include variations in the
spacing among polar head groups and penetration into the lipophilic environment composed by
alkyl chains.*® They result in the modification of the calorimetric values such as the maximal
temperature (Ty,) and the endothermic variation of the enthalpy of transition (AH) accompanying
the transition from the gel phase to the liquid crystal phase. The optimal concentration of
phospholipids used to prepare MLV was determined at 30 mM, and the ratio between
phospholipids and dendrimers at 10 to 1 (see experimental details). Whatever the dendrimer
added to MLV, the main transition peak is weakly affected (Fig. S2t), as shown by very low
thermotropic changes in Ty, and small enthalpy changes of the gel to liquid-cristalline phase
transition of the bilayers. No variation of the thermodynamic values is observed between the 1*
and the 4™ scan, both in pure DPPC (Table S11) and DPPC/POPC:75/25 MLV (Table 1).
Moreover, the reduction of AH from 4.30 keal.mol! for DPPC/POPC:75/25 MLV alone to about
similar values of 3.70 + 0.05 kcal.mol™ for all the MLV/dendrimer mixtures is very low
compared to previous work with PAMAM dendrimers incorporation in DPPC lipid bilayers.*>
These results tend to demonstrate that the non-specific interactions between the four dendrimers
and a simplified model of the cell membrane are very weak or that the dendrimers do not deeply
penetrate in the phospholipidic bilayer. Hence, these experimental data are consistent with the

predictive all-atom MD simulations performed with dendrimers 1 and 2.

3.4 Biological binding studies demonstrate specific interaction of the ABP-capped PPH

dendrimer with monocytes
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In order to screen the biological properties of these dendrimers, a biological test for
monitoring the activation of human monocytes in vitro has been developed. Monocytes are white
blood cells playing multiple roles in the immune system, in particular in response to anti-
inflammatory signals.*® One of the first morphological features indicating the activation of
monocytes is an increase of their size and granularity.** These changes appear within a few days
in in vitro cultures of monocytes, and can be visualized by flow cytometry. We have conducted
this test with the four dendrimers at concentrations between 1 and 50 pM (Fig. 3). Dendrimers 1
and 6 activate human monocytes at the concentration of 5 uM and above, a slight shift toward
the higher concentration may be noticed with dendrimer 6. Conversely, dendrimers 2 and 9 do
not activate these cells as no morphological change is induced, even though activated monocytes
can be observed occasionally, depending on the donor. Regarding the stimulus they sense,
monocytes commit to either an inflammatory or an anti-inflammatory activation. These are

characterized by specific changes at the transcriptional,® phenotypical,’ and functional levels.*®
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Fig. 3 Flow cytometry analyses of morphological changes (size — the Forward Scatter (FSC)
parameter on the x-axis — and granularity — the Side Scatter (SSC) parameter on the y-axis —
criteria) undergone by purified human monocytes in the presence of the different dendrimers at
the indicated concentration. The monocytes purified at day 0 are shown in the upper right dot
plot (surrounded in the blue ellipse). At day 6, the black ellipse in the upper left dot plot
identifies died or dying monocytes, while the activated monocytes are circled in red. Data are
from one representative experiment out of three.

When monocytes are triggered by dendrimers 1 and 6, we show that typical markers of an
anti-inflammatory activation, namely mannose receptor MRC1 and interleukin(IL)-10, are
significantly up-regulated at the mRNA level, whereas IL-12 (a typical inflammatory cytokine)
1s not modified. On the contrary, dendrimers 2 and 9 do not modify the level of expression of

these markers (Fig. 4a). The same dichotomy between dendrimers 1 and 6, and dendrimers 2 and

9 is observed regarding the phenotype of monocytes which significantly down-regulate the
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expression of proteins such as HLA-DR (MHC class II molecules) and CD14 when they are
activated by azabisphosphonate dendrimers (Fig. 4b), as we have already shown.>" Thus, all
together, these results show that dendrimers 1 and 6 induce an anti-inflammatory activation of
human monocytes in vitro, as expected. Oppositely, dendrimers 2 and 9 are inactive on these
cells. Therefore, they constitute negative controls of the bio-active dendrimers for the binding

experiments on human monocytes.
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Fig. 4 (a) gqRT-PCR of mRNA expression for MRCI1, IL-10 and IL-12 in monocytes
stimulated with dendrimers 1, 6, 2 and 9. Expression levels are normalized to the GAPDH
mRNA. Relative expressions are calculated using the AACt method, and results represent the n-
fold regulation induced by dendrimers in comparison with non-stimulated control monocytes
(n=1). Data are expressed as mean + SD from 3 independent experiments. *, p <0.05; **, p <
0.01; *** p <0.001, one-tail paired Student’s t-test. (b) Flow cytometry analysis of the cell-
surface expression of HLA-DR and CD14. Data are expressed as medians + SD from 5
independent experiments. *p<0.05, **p<0.01 (Mann-Whitney’s test).

For saturation binding assays, human monocytes have been incubated with the fluorescent
dendrimers 6 and 9 in increasing concentrations, at 4°C to avoid internalization of the molecules.
This has been checked by confocal microscopy (data not shown). The binding of these probes at

the surface of monocytes has been quantified by flow cytometry, measuring the mean
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fluorescence intensity (mfi) of the cell population. For each of the three independent donors that

have been tested, dendrimer 6 and dendrimer 9 show quite different pattern of binding (Fig. 5).
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Fig.5 Black squares show the total binding of dendrimers 6 (left graphs) and 9 (right graphs)

on monocytes of three independent donors (the two graphs for one donor are on a row). Black

circles show the non-specific binding, and white squares show the calculated specific binding of

dendrimer 6. For each donor and concentration, the symbols represent the mean + SD of

triplicates.

The total binding of dendrimer 6 fits a logarithmic curve, unlike that of dendrimer 9.

Nevertheless, binding of dendrimer 6 does not reach a saturation asymptote, suggesting that both

specific and non-specific binding components are involved. To discriminate between both, we
have performed a second binding assay in which the surface of monocytes is saturated with
dendrimer 1, then dendrimer 6 is added with increasing concentration. In this setting the non-

specific binding of dendrimer 1 is displaced by dendrimer 6, therefore it can be quantified by

flow cytometry. Then, the level of the non-specific binding is subtracted from the mfi of the total

binding to give the specific binding (Fig. 5). The calculated curve for dendrimer 6 fits with a
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typical saturation asymptote reflecting a specific binding component, likely mediated by surface
receptor(s). The K4 of dendrimer 6 is estimated thereof at 16 uM. Using the same experimental
setting with dendrimers 2 and 9, we show that the non-specific binding corresponds to the total
binding for these inactive molecules (Fig. 5). Finally, a competitive binding assay between
dendrimer 6, incubated in a first step, and dendrimer 1, added with increasing concentrations in a
second step, is performed. If the concentration of dendrimer 1 is plotted as decimal logarithm,
the typical sigmoid curves that are obtained (Fig. 6) enable the determination of the K; of
dendrimer 1 (K; =12 uM).37 This K value can be considered the K4 of dendrimer 1. On the all,
dendrimers 1 and 6 have similar biological properties and comparable K4 values. These points
confirm the relevance of designing an analogue of dendrimer 1 by grafting a fluorescent tag on

the core of the molecule, far from the surface.
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Fig. 6 Competitive binding assay between dendrimer 6 and dendrimer 1 on human monocytes.
Results are expressed as means of triplicates from three independent donors.

Using confocal microscopy, we show that dendrimer 6 is internalized by human
monocytes, whereas dendrimer 9 is not. The latter stays bound at the membrane (Fig. 7 and
Supplementary Movies). Consequently, the specific binding followed by the internalization of

dendrimers 1 and 6 by human monocytes leading to anti-inflammatory activation of cells can be
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unambiguously correlated to the presence of azabisphosphonate groups at the periphery of the
dendritic scaffold. On the contrary, the carboxylate terminated PPH dendrimers 2 and 9 do not
specifically bind to the cell surface of monocytes, they are not internalized and do not activate

monocytes.

with dendrimer 6 with dendrimer 9

Fig.7 Confocal microscopy shows internalization of dendrimer 6 (upper left image and zoom
below) whereas dendrimer 9 binds non-specifically to monocytes and is not internalized (upper
right image and zoom below). The dark bars represent 10 um.

4. Conclusion

We have used a multidisciplinary approach to prove that an anti-inflammatory PPH
dendrimer capped with azabisphosphonate end groups (dendrimer 1) interacts both non-
specifically and specifically with human monocytes. The non-specific interaction is due to a
weak, local, and superficial adsorption of the molecule on the phospholipidic bilayer; it also

occurs with an inactive PPH dendrimer (capped with azabiscarboxylate end groups, dendrimer
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2). The specific interaction occurs with K4 value of 12 uM and leads to recognition by and
activation of human monocytes. Therefore, this specific recognition involves one or several
receptor(s), the identification of which is ongoing. Several types of dendrimers have shown anti-

38-43

inflammatory properties per se. In most cases, the receptors involved in the recognition of

these nanomolecules remain unknown. This is not the case when dendrimers have been rationally

designed to target and be recognized by a given receptor’"**

or a given cluster of receptors.®’
Isolation, purification and identification of the receptor(s) involved in the recognition of

azabisphosphonate-capped PPH dendrimers by human monocytes is a challenging ongoing issue.
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