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ABSTRACT

Dendrimers are nanosized, non-linear, hyperbranched polymers whose overall three-
dimensional shape is key for their biological activity. Poly(PhosphorHydrazone) (PPH)
dendrimers capped with aza-bisphosphonate (ABP) end groups are known to have anti-
inflammatory properties enabling the control of inflammatory diseases in different mouse
models. Here we screen the anti-inflammatory activity of a series of PPH bearing between 2
and 16 ABP end groups in a mouse model of arthritis, and confront the biological results with
atomistic simulations of the dendrimers. We show that only the PPH dendrimers capped with
10 and 12 ABP end groups can control the flare of the inflammatory disease. All-atom
accelerated molecular dynamics simulations show that dendrimers with low number of ABP
end groups are directional but highly flexible/dynamic, and have thereby limited efficiency in
establishing multivalent interactions. The largest dendrimer appears as non-directional,
having 16 ABP end groups forming patches all over the dendrimer surface. Conversely,
intermediate dendrimers having 10 or 12 ABP end groups reach the best compromise between
the number of surface groups and their stable directional gathering, a real maximization of

multivalency.
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Arthritis; Biodegradability; Dendrimers; Inflammation; Molecular dynamics
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INTRODUCTION

Dendrimers are non-linear, hyperbranched nanomolecules whose potential biomedical
applications generate a tremendous amount of attention and work. Dendrimers are built from
a central core on which series of branches are added. At the end of each branch, a point of
divergence enables the arborescent engraftment of the next series, leading to a “tree-like”
molecule. The number of series of branches is called the generation of the dendrimer (e.g., a
generation 1 dendrimer has one series of branches). Finally, the surface groups are added on
the outermost series of branches. As polyvalent interactions are ubiquitous in biological
systems,! the possibility to design molecules with controlled multivalency, such as
dendrimers, is relevant for biomedical applications.? At least from this point of view,
dendrimers are attractive molecules to biologists.>* Poly(PhosphorHydrazone) (PPH)
dendrimers ended with Aza-BisPhosphonate (ABP) groups have shown immuno-modulatory
properties toward different populations of human immune cells.>® In particular, the first
generation PPH dendrimer capped with twelve ABP end groups (ABP dendrimer) displays
anti-inflammatory properties, both in vitro”*° and in vivo in animal models of chronict%*2
and acute'>*3 inflammatory contexts. This unique molecule is now considered a promising
drug-candidate for the care of patients with chronic inflammatory diseases as it does not
induce either general or immunological toxicity in non-human primates after repeated
systemic injections.!* In parallel to the assessment of the immuno-modulatory properties of
the lead ABP dendrimer, we have explored the influence of different phosphonate-based
surface groups,>® of isosteric functions thereof,'®> and of size (i.e., generation)® of PPH
dendrimers. We have also explored the influence of the local density of ABP surface
functions of PPH dendrimers of the first generation towards the activation of human immune

cells. In this way, we have shown that PPH dendrimers of the first generation displaying 8,
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10, and 12 (the ABP dendrimer) promote the in vitro activation of human monocytes,*® the
proliferation of Natural Killer cells and somehow of circulating y§ T cells® which share
functional features with both conventional o T cells and Natural Killer cells.}” PPH
dendrimers of the first generation having less than 8 (2, 4, and 6 have been tested) or more
than 12 (16 has been tested) ABP terminal groups show a dramatic decrease or no activity at
all. Recently, we have reported the first study assessing the influence of a large number of
dendritic scaffolds (seven different families of dendrimers) ended by ABP terminal groups.®
We have shown that the internal structure of dendrimers is not an inert or innocent support for
active surface functions, but plays a crucial role, at least when considering biological
properties. Indeed, the global three-dimensional shape of dendrimers with identical terminal
groups, and the spatial distribution of these terminal groups depend on the nature of the
scaffold. Regarding the anti-inflammatory activation of monocytes, the active dendrimers are
those in which the surface functions are gathered on one side (directional molecules), likely
the suitable orientation to display efficient multivalent interactions with target cells. In
continuation of this pioneering study, here we have assessed the in vivo efficacy of a series of
PPH dendrimers of the first generation having 2, 4, 8, 10, 12 (the ABP dendrimer), and 16
ABP terminal groups (Fig. 1). We used the mouse model of experimental arthritis induced by
the transfer of K/BxN serum.!® The bioactivities of the six dendrimers have been then
confronted with the structural data obtained from all-atom Molecular Dynamics (MD) and

accelerated MD (aMD) simulations thereof.
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structure of the complete series of dendrimers. (B) Two-dimensional structure of the

synthesized as already described.®1°
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The K/BxN serum transfer model of arthritis. 9-week old male BALB/cA mice were
transferred at days 0 and 2 intraperitoneally with 200 pL of serum from 60-week old K/BxN
mice. Following a prophylactic protocol, dendrimers were injected intravenously at days 1, 4,
and 11. Mice were sacrificed 20 days after the first transfer of serum. The swelling of hind
paws of K/BxN serum-transferred and control mice was measured using a calliper. In parallel,
the severity of arthritis was assessed macroscopically in a blind fashion for each paw per
mouse with a five-grade score (0, normal; 1, light swelling of the joint; 2, obvious swelling of
the joint; 3, obvious swelling of the joint with redness of the footpad; 4, severe swelling; 5,

severe swelling and immobile mouse).

All-atom simulations. The MD and aMD simulation work was performed using the
AMBER 14 software.?’ The atomistic models for all ABP dendrimers were created and
parametrized according to a validated procedure recently reported for the simulation of
variants of these dendrimers,'® and similar branched polymers in aqueous solution.?:2 In
particular, all dendrimers were parametrized according to the General Amber Force Field
(GAFF).?* In order to reproduce the biological experimental conditions, all dendrimer models
were immerged in a periodic simulation box containing explicit TIP3P water molecules,? and
a suitable number of counter-ions to guarantee the overall neutrality of the systems and to
reproduce the ionic strength of 150 mM NaCl. After preliminary minimization, all molecular
systems underwent 200 ns of classical MD in NPT (constant number of N: atoms, P: pressure,
and T: temperature in the system) conditions at 37 °C of temperature and 1 atm of pressure.
All simulations conducted in this study used a time step of 2 fs, a 10 A cutoff, the SHAKE
algorithm to constrain bonds involving hydrogens,?® and the Particle Mesh Ewald (PME) to

treat long-range electrostatics.?’
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During these preliminary MD runs, all dendrimers were seen to reach an equilibrium
configuration in the MD regime with good stability. Several parameters such as the evolution
of the radius of gyration (Rg), Solvent Accessible Surface Area (SASA), Root Mean square
Displacement (RMD), and energy of the dendrimers were used to monitor the equilibration of
the dendrimers in solution.

To improve the exploration of the conformational space of the six dendrimers (see
below), we have used aMD as implemented in AMBER 14,28 starting from the pre-
equilibrated configurations for the dendrimers obtained from the MD. In the aMD runs (400
ns) we have applied the bias to both the whole potential energy and the dihedral term, where
the bias parameters for the former (AlphaP) and for the latter (AlphaD) have been calculated

using the standard approach used in previous aMD studies reported in literature.?®2

(2) AlphaD =1x 4|22 |x N,

mol ras

keoal

(1) AlphaP = 0.16 [ ] % N

mol atorms

The threshold values for the whole potential energy (EthreshP) and for the dihedral term
(EthreshD) of the simulated systems have been set to:

(3) EthreshP = Epot + AlphaP (4) EthreshD = Edih + 5 X AlphaD,

where Epot and Edih are the reference equilibrated values taken from the preliminary classical
MD simulation. The aMD trajectories have been further reweighted to obtain the Free Energy

Surfaces (FES) of Fig. 4A according to the procedure reported elsewhere.?
RESULTS AND DISCUSSION

Efficacy of dendrimers to control arthritis in the mouse model of K/BxN serum
transfer. The series of ABP-capped dendrimers involved in this study encompasses 6
compounds: 2-ABP, 4-ABP, 8-ABP, 10-ABP, 12-ABP and 16-ABP. The compound with six

ABP end groups at its surface (potentially 6-ABP), although synthesized, was not included as
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it is not possible to design a synthetic strategy to obtain an isomolecular batch of this
compound. Indeed, the locked position on the second phosphorus atom cannot be controlled
and is statistical, leading to the synthesis of a mixture of two different 6-ABP compounds
differing by the relative positions of the PPH branches which bear the six ABP groups.®
Dendrimer 10-ABP is a fluorescent derivative in which one of the six branches was replaced
by a fluorescent julolidine group, enabling the follow-up of the compound when interacting
with biological material.’®* The anti-inflammatory properties of the six ABP-capped
dendrimers have been assessed in the widely used mouse model of experimental arthritis
induced by the transfer of K/BxN serum (also known as the KRN mouse model).t® In this
model, inflammation and arthritis are rapidly and transiently induced by transferring serum
from autoimmune K/BxN mice into wild-type BALB/cA mice. This model relies on the
presence of antibodies specific for the auto-antigen Glucose-6-Phosphate Isomerase, which
develop in autoimmune K/BxN mice. The effect of dendrimers was tested by intravenous
injection at the concentration of 10 mg/kg following a preventive protocol we have already
described:** dendrimers were injected intravenously at day 1 — between the first and the
second injection of the K/BXN serum — and then again at days 4 and 11. The daily
measurement of the swelling of paws is indicative of the onset and the development of the
inflammation of joints. Along the study, the dendrimers 10-ABP and 12-ABP have shown the
ability to prevent the flare of inflammation induced by the K/BxN serum in the mice. Indeed,
the size of the paws in these groups ended at the same level than in the control group of
healthy mice (Fig. 2A). Based on the swelling of paws, the redness of the footpad, and the
mobility of the animals, a clinical score was established on a daily basis (clinical arthritic
score as the sum of individual scores for each paw; maximal score of 5 for one paw, i.e., 20
for an animal). There also, the same two dendrimers can control and reverse the development

of the disease (Fig. 2B). Overall, based on the swelling of paws and the arthritic score, the
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incidence of arthritis (i.e., the percentage of diseased animals) in each group is plotted in Fig.
2C. It clearly shows that only dendrimers 10-ABP and 12-ABP have a therapeutic effect on

arthritis in this model.

A B C
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Figure 2. Efficacy of dendrimers to control arthritis in the mouse model of K/BxN serum
transfer. (A) Measurement of the swelling of paws (n=6 mice for each condition), (B)
evaluation of the arthritic score (n=6 mice for each condition), and (C) incidence of arthritis

during the assay.

Regarding dendrimers 10-ABP and 12-ABP, the results obtained here are in concordance
with the in vitro anti-inflammatory activation of human monocytes assessed formerly with
this series of dendrimers.*® Surprisingly, dendrimer 8-ABP is not active in the mouse model
of arthritis, whereas it was one of the most active regarding the in vitro activation of human
monocytes.'® To explain this discrepancy, we have studied the hydrolytic degradation of the

12-ABP dendrimer in water solutions.

Biodegradability of the ABP-capped PPH dendrimers. Although the 12-ABP
dendrimer is stable as dry powder for months when stored at -20°C, aqueous solutions of this
compound have been showed to slowly degrade according to a mechanism that has been
partially identified. Under smooth conditions, at physiological pH and 37°C, aqueous

solutions of 12-ABP undergo a slow degradation which is traduced by the appearance on 3P
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NMR spectra of a singlet at 66.25 ppm (Fig. 3A). The appearance of this new singlet at 66.25

ppm is accompanied by the appearance of a side peak at the foot of the singlet centred on

63.75 ppm, accounting for P=S phosphorus atoms of the divergent point and traducing the

dissymetrization of the molecule.
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Figure 3. Biodegradability of the 12-ABP dendrimer. (A) Spontaneous hydrolysis of the 12-

ABP dendrimer in water solution (pH = 7.2, 37°C) monitored by 3P NMR. (B) Spontaneous

hydrolysis of the 12-ABP dendrimer involves the breaking of hydrazone bounds. (C)

Hydrolysis of the 12-ABP dendrimer follows a zero order Kinetics.

We have already shown in previous studies that the hydrazone linkage (CH=N-N) of PPH

dendrimers is the weak point of these macromolecules regarding their stability. For instance,
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we have demonstrated quite early that these linkages undergo a clear hydrolytic-like
degradation during Electrospray lonisation or MALDI TOF Mass Spectrometry
experiments.®® In this respect, it should be pointed out that similar mechanisms involving the
progressive loss of branches have already been identified during mass spectrometry
experiments on the 12-ABP dendrimer, as revealed by the presence of successive isotopic
patterns of the various sodium forms separated by an m/z of 757 g.mol™* accounting for the
protonated form of a side product resulting from the breaking of the hydrazone bound (Figure
S1). In addition to this bundle of data accounting for the breaking of CH=N hydrazone weak
point, the NMR monitoring also included *H-NMR and 2D correlation experiments which
showed on *H spectra the progressive decrease of the signal accounting for the CH=N centred
on 8 ppm and the appearance of new signals in the aromatic region (Figure S2) that were
found to correlate with the tyramine moiety bearing the aminobisphosphonate tweezer
(FigureS3 and Figure S4). Additionally, DOSY experiments confirmed that these signals
belong to a molecular entity with a diffusion coefficient significantly lower than the one
observed for the non-degraded 12-ABP dendrimer (data not shown). Consequently, the
hydrolytic degradation of the 12-ABP dendrimer in water solution at pH = 7.2 and at 37°C,
that is somehow close to some of the key physiological parameters, involves the breaking of
hydrazine bounds, and the progressive release of a trifunctional thiophosphorus atom (Fig.
3B) having an unambiguous signature on 3P NMR spectra at 66.25 ppm, a chemical shift
which is actually in agreement with previous studies on comparable structures.3* Despite the
preliminary aspect of this hydrolytic degradation study, the ratio of the integrate value of the
CH=N singlet divided by the sum of the integrate values of aromatic signals showed a
progressive degradation process that follows a zero order kinetics (Fig. 3C).

The hydrazone linkage (CH=N-N) is found in branches of all the PPH dendrimers. This

means that the 6 dendrimers of the series used in this study undergo hydrolysis in aqueous
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solution, although the kinetics may be dependent on the dendrimer. The biodegradability of
PPH dendrimers could explain why the 8-ABP dendrimer has been found bio-active in short-
term in vitro experiments,*® whereas it is not active in longer experiments in vivo (this study).
Indeed, as soon as it has lost one branch, the 8-ABP dendrimer is no more active, whereas the
10-ABP and the 12-ABP dendrimers have to loose several branches before losing their

activity, thereby having a prolonged action.

All-atom molecular dynamics simulations of the dendrimers in explicit solvent.
Molecular modelling was used to try to understand the molecular origin for the striking
differences observed in the in vivo biological properties. In order to gain molecular-level
information on the dendrimers in the biological environment, all-atom MD simulations of the
six dendrimers in solution were carried out at 37°C in the presence of explicit water
molecules and NaCl (150 mM). Each molecular system has been preliminary equilibrated
during 200 ns of MD simulation as described previously.®® Different data, such as, for
example, the Rq of dendrimers have been extracted from the MD trajectories (Fig. 4A: solid
and dotted black lines represent Ry and SASA average values and standard deviations,
respectively).

Recently, it has been demonstrated by using advanced sampling methods that the intrinsic
sampling limitations of classical MD can limit the exploration of the dendrimer structure in
the solvent, especially for semi-flexible structures.?** For this reason, here we have used
aMD,?® an advanced sampling technique recently proven useful for the exploration of the
conformational space of semi-flexible macromolecules (e.g., proteins, peptides, etc...) in
aqueous solution.3*3! For example, it has been recently shown that the conformational

exploration of a complex macromolecule (e.g., a protein) in solution provided by aMD in

12
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hundreds of nanoseconds is comparable to that obtainable with classical MD

of milliseconds.%?
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dendrimer. Solid black lines represent the Rq and SASA average values obtained from the
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Equilibrium conformations for the six dendrimers, corresponding to the minima of the FES

(violet). The phosphonate groups of the dendrimers are represented in orange, the scaffold in

black, and the core of the dendrimers in blue.
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Starting from the equilibrium conformations for the dendrimers obtained from our
preliminary MD — solid black lines in Fig. 4A identify the latter in terms of Rq and SASA of
the dendrimers —, all systems underwent 400 ns of aMD in the same conditions. During the
aMD simulations, the dendrimers exhaustively explored their conformational space.
Reweighting of the aMD trajectories allowed to estimate the FES of the different dendrimers
in the solvent. Shown in Fig. 4A as a function of the Rqg and SASA of the dendrimers, the
darkest regions in the FES identify minimum energy (most favorable) conformations. On
average, the dendrimers can better fold (reduced Ry and SASA) during the aMD compared to
the MD simulations. This is consistent to what recently seen by using a different advanced
sampling approach (well-tempered metadynamics) on PEGylated dendrimer analogues.?*%
Fig. 4B shows the equilibrium conformations for the six dendrimers in the solvent,
corresponding to the minima of the FES (violet). Consistent with what recently seen for
similar dendrimers,*® it is clear that in all dendrimers the aza-bisphosphonate surface groups
of the dendrimers tend to clusterize due to the interaction with oppositely charged ions from
dissolved NaCl present in solution. Visually, all dendrimers assume a directional
conformation, with the active groups gathered on one side, with the exception of dendrimer
16-ABP. In this case, clusters of aza-bisphosphonate units are spread all over the surface of
the dendrimer (Fig. 4B).

We performed a statistical analysis of the aMD trajectories to quantify the
clustering/compartmentalization and the relative dynamics of the surface groups around the
dendrimers. These are factors determining the overall directionality of the dendrimer, directly
related to the ability of the latter to establish multivalent interactions with its bio-targets.’® To
this end we monitored the displacement of the aza-bisphosphonate units during the aMD runs
on the three x, y and z directions. This allowed us to subdivide the six dendrimers into three

main categories — (i) those dendrimers intrinsically directional (possessing just one or two
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branches, i.e., dendrimers 2-ABP and 4-ABP), but having limited possibility of establishing
multivalent interactions, (ii) directional dendrimers, where multiple surface groups are stably
clusterized on the surface (dendrimers 8-ABP, 10-ABP, and 12-ABP), and (iii) non
directional dendrimers, where clusters of surface groups are present all around the surface
(dendrimer 16-ABP). On one hand in (i), the aza-bisphosphonate units are intrinsically
displayed in directional way, but the limited surface crowding produces dynamic
oscillation/vibration of the end groups. On the other hand, in (ii) and (iii) the folded
conformation of the dendrimer is more stable, and the dendrimers can be represented as
globular objects with (more or less) static aza-bisphosphonate patches on the surface — the
latter resulting in a directional (ii) or non-directional (iii) displacement of active units.

Using the centres of the dendrimers (red squares) as a reference, we calculated from the
aMD trajectories the average position of the aza-bisphosphonate units (black crosses) during
the runs on the three planes xy, xz, yz, obtaining the “planar directionality vectors” dxy, dx. and
oyz reported in Fig. 5A. The vectorial sum of dxy, dx; and dy; provided us with the directionality
vector 9, indicative of the overall anisotropic distribution of the surface groups around the
dendrimer core on the dendrimer surface. Dendrimers where the displacement of surface
groups is rather uniform all around the surface, either in terms of static displacement (uniform
surface crowding) or of dynamic fluctuating groups (statistically present/delocalized
everywhere on the surface), will have ¢ tending to 0. Conversely, dendrimers with a persistent
directional character will have increased ¢ value. In order to compare between different sizes
of the dendrimers, the ¢ vector has been further divided by the size of each dendrimer (Ry),
obtaining the non-dimensional directionality score (d). This quantification enables the

subdivision of the series of dendrimer into three groups, as shown in Fig. 5B.
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Figure 5. Characterization of the directionality of the dendrimers. (A) Displacement of the

aza-bisphosphonate groups (black cross) respect to the centres of the dendrimers (red square),
and calculated values of the relative Jxy, dx; and dy, vectors. (B) The dendrimers can be
subdivided into stably directional multivalent dendrimers (e.g., 12-ABP), dynamic
dendrimers with low multivalency (e.g., 4-ABP) and non-directional dendrimers (e.g., 16-

ABP).

This analysis allowed us to understand how much, and how stably, the surface groups are
gathered together on the surface, providing a relative quantification of the effective

directionality of the dendrimers (d) (Table 1).
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2-ABP 4-ABP 8-ABP 10-ABP | 12-ABP | 16-ABP
MW (Da) 1838.13 | 2397.33 | 4109.13 | 5258.89 | 5819.92 | 7759.90
5 (A) 9.2 6.9 10.8 14.2 15.2 7.9
Ry (A) 8.5 7.8 9 9.5 10 12.7
alP] 1.08 0.88 1.19 1.49 1.52 0.62

& R4 corresponding to the minimum energy conformations for the dendrimers (violet regions
in the FES of Fig. 4A). !l The non-dimensional directionality index d was calculated as: d =
0/Rg.

It is clear how, for example, in intrinsically directional dendrimers 2-ABP and 4-ABP,
the surface groups can freely move around the centres of the dendrimers. These dendrimers
have low surface crowding and limited possibility to establish stable multivalent interactions,
due to lack of aza-bisphosphonate groups. This produces a relatively low directionality index
d ~ 1. This is also somehow true for dendrimer 8-ABP. Conversely, dendrimer 16-ABP has a
more rigid surface, and the aza-bisphosphonate groups are present all around the centre of the
dendrimer. In this way the ¢ vector turns out to be small, and the directionality index d is the
lowest among all dendrimers (~ 0.6). On the other hand, dendrimers 10-ABP and 12-ABP
have larger ¢ vector, and directionality index reaching d ~ 1.5. Looking at Fig. 5B the
distribution of the aza-bisphosphonate groups on the surface of these dendrimers is

reminiscent of and umbrella (see for example plane yz for dendrimer 12-ABP).

CONCLUSIONS

The experimental and theoretical studies reported in this paper provide new insights in
the relationship between the overall conformation of ABP-capped PPH dendrimers in aqueous
solution and their anti-inflammatory properties in an in vivo model of experimental arthritis.

We observe striking differences in the conformation and dynamics that the PPH dendrimers
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of the tested series assume in the solvent. These differences fit well with the observed anti-
inflammatory trends. Indeed, the maximum value obtained for the d index demonstrates that
dendrimers 10-ABP and 12-ABP reach the best compromise between the number of surface
groups and their directional displacement on the surface, i.e., a real maximization of
multivalency related to a specific bio-property of the dendrimers. Remarkably, the good
agreement between the stable directionality of dendrimers, as analyzed from the atomistic
simulations, and the bioactivity of the various dendrimers offers a useful parameter to draw
structure-property relationships. Moreover, we have shown recently that PPH dendrimers
mediate their anti-inflammatory activity through a specific recognition and binding with
receptor(s) at the surface of human monocytes.*® The further identification of these receptors
will also help to understand how to customize the molecular structure of PPH dendrimers to

control their specific bio-property.
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Supplementary Figure S1. Typical mass spectrum of 12-ABP obtained by electrospray
ionization. Supplementary Figure S2. *H NMR monitoring of the spontaneous hydrolysis of
12-ABP. Supplementary Figure S3. HSQC [*H/®C-3'P(BB)] at T = 0 hr (upper spectrum) and
T = 39 hr (lower spectrum). Supplementary Figure S4. HMBC [*H/**C-3'P(BB)] at T =0 hr

(upper spectrum) and T = 39 hr (lower spectrum).
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Graphical Abstract to:

Three-dimensional directionality is a pivotal structural feature for the
bioactivity of azabisphosphonate-capped Poly(PhosphorHydrazone)

nanodrug dendrimers.
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