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HIGHLIGHTS GRAPHICAL ABSTRACT

® In marketed formulations, insulin
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formulation conditions.

® Dilution studies reveal a dissociation
of the hexamers and dodecamers into
monomers for insulin glulisine.

® Insulin glargine in Lantus and Toujeo
demonstrates a hexamer-dimer equili-
brium, which is maintained upon di-
lution with water.

ARTICLE INFO ABSTRACT

Keywords: The quaternary structures of insulin glargine and glulisine under formulation conditions and upon dilution using
Insulin placebo or water were investigated using synchrotron small-angle X-ray scattering. Our results revealed that
Glargine insulin glulisine in Apidra® is predominantly hexameric in solution with significant fractions of dodecamers and
Glulisine

monomers. Upon dilution with placebo, this equilibrium shifts towards monomers. Insulin glargine in Lantus®

(s):;;ernary structure and Toujeo® is present in a stable hexamer/dimer equilibrium, which is hardly affected by dilution with water
down to 1 mg/ml insulin concentration. The results provide exclusive insight into the quaternary structure and
thus the association/dissociation properties of the two insulin analogues in marketed formulations.

1. Introduction B (30 amino acid residues) linked by two disulfide bonds. Since obesity

and diabetes have reached epidemic severity, the continuous develop-

Insulin is a pancreatic hormone that regulates normal blood glucose ment and large-scale production of pharmaceutical insulin and insulin
levels by facilitating cellular glucose uptake, regulating carbohydrate, analogues to treat chronic hyperglycemia have become indispensable
lipid and protein metabolism. In 1952, human insulin was identified as [1,2]. To mimic the physiological secretion of pancreatic 3-cells under

a small protein consisting of chain A (21 amino acid residues) and chain fasting and prandial conditions, different rapid- and long-acting insulin
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preparations were developed [1]. As the biologically active, circulating
form of insulin is monomeric, but highly physico-chemically unstable,
exogenous insulins are formulated as compact oligomers (mainly hex-
amers) or even in a crystalline state to ensure sufficient shelf life of the
drug product. Therefore, knowing the quaternary structure of insulin
and insulin analogues under pharmaceutical formulation conditions is
important for improving the physical and chemical stability [3-7] of
the drug product as well as for fine-tuning the absorption kinetics upon
subcutaneous injection [8,9].

For some decades, it has been known that human, porcine and bo-
vine insulins exhibit a similar and very complex association pattern in
the crystalline state as well as in solution [10-14]. Among the promi-
nent factors influencing the association state are the presence of zinc
ions and phenolic compounds such as phenol or meta-cresol, the ionic
strength of the solution, and the insulin concentration. In solution, at
low pH (<3) and in the absence of Zn®>* and phenolic compounds,
naturally occurring insulin is present as monomers and/or dimers
[10,15]. In addition, dimers have been observed at high pH and low
zinc concentration, while around neutral pH different types of hex-
amers can form depending on the zinc concentration, the ionic strength
and the presence or absence of phenolic compounds [10].

Insulin analogues are structurally modified to exhibit either faster
and shorter or prolonged PK/PD (pharmacokinetics/pharmacody-
namics) profiles for improved control of (post-)prandial and basal blood
glucose levels while retaining the physiological insulin action (Fig. 1).
As hexameric human insulin has to dissociate before absorption into the
circulation occurs, certain amino acids are replaced in rapid-acting
insulin analogues (B28 in insulin aspart, B28 and B29 in insulin lispro,
B3 and B29 in insulin glulisine) to reduce the tendency of self-asso-
ciation allowing a rapid absorption without affecting the insulin-re-
ceptor kinetics [16]. After subcutaneous injection and upon dilution
with interstitial fluid (twofold dilution after injection is expected) [17],
the non-covalent oligomers of rapid-acting insulin analogues dissociate
more rapidly into smaller species which are much faster absorbed than
the oligomers [17,18]. In vitro dissociation kinetics of human insulin
and fast acting insulin analogues upon dilution of the pharmaceutical
formulation with an excess of PBS (1:20), as a test system, illustrate the
concept and demonstrate the general differences of dissociation prop-
erties between such insulins (Fig. 2) [19]. While human insulin in a
Zn?" containing formulation remains almost completely hexameric
(Insuman Rapid®, gray in Fig. 2), insulin aspart (in the Novorapid®
formulation, blue in Fig. 2) and insulin lispro (in the Humalog® for-
mulation, red in Fig. 2) dissociate into monomers within about 20 min.
Insulin glulisine (in the Apidra® formulation, green in Fig. 2) dissociates
even instantaneously under these conditions, triggered not only by the
amino acid replacements, but also by the absence of the Zn** ions
stabilizing the insulin hexamer, which are present in Humalog® and
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Fig. 2. Dissociation kinetics of non-covalent oligomers of human insulin and
fast-acting insulin analogues upon a 20-fold dilution of the pharmaceutical
formulation with PBS (phosphate buffer saline). The y axis represents the
average molecular mass of the observed oligomer species relative to the
monomer and the x axis the time in minutes upon dilution in PBS (from [19]).

Novorapid®. However, this large difference in dissociation rate between
glulisine and the other insulins translates only to a lesser extent into
clinical PK/PD profiles [20-22]. An explanation for this will be given in
the Discussion section.

In contrast, to prolong the PK/PD profile of insulin for basal need,
different strategies are known. In case of insulin glargine, two arginine
residues are added to the C-terminus of the B-chain and AsnA21 is re-
placed by Gly (Fig. 1). This replacement increases the chemical stability
by avoiding deamidation of AsnA21, which is an issue especially at low
pH [5]. The two Arg residues shift the isoelectric point from pH 5.5 to
pH 6.7. Furthermore, the modifications optimize the packing density of
insulin hexamers [1,23]. Insulin glargine is formulated at pH 4.0, where
it is soluble. After subcutaneous injection and mixing with interstitial
fluid (pH 7.4), insulin glargine precipitates and the slow dissolution of
insulin glargine from this subcutaneous depot together with the in-
creased insulin glargine hexamer stability are the main reasons for the
prolonged PK/PD profile [1]. It has been previously assumed that the
precipitate is microcrystalline [1], which could not be confirmed by
analytical investigations of insulin glargine precipitates obtained in
vitro and in vivo, however (Sanofi unpublished results). Upon dis-
solution from the subcutaneous depot, insulin glargine undergoes an
enzymatic removal of the basic arginine pair and the resulting meta-
bolite (GlyA21 human insulin) is the main active component, while
there is virtually no parent glargine circulating in the plasma [24].
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Fig. 1. Primary structure of human insulin and modifications in pharmaceutical insulin analogues.
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Alternatively, the attachment of a fatty acid to the C-terminal region
of the B-chain as in detemir and degludec prolongs the action of insulin
by improving its strong self-association and binding to albumin in the
blood (Fig. 1) [8]. In this approach, the insulin depot is not localized
solely to the subcutis, but also comprises the plasma. In addition, in-
sulin degludec self-assembles in filament-like complexes (multi-hex-
amers) upon depletion of phenol after subcutaneous injection, which
may also contribute to the prolonged action [8].

However, compared to native insulin, its analogues are assumed to
exhibit similar self-association patterns in formulations as long as just a
few amino acids [1,2] are replaced or added, but are barely structurally
characterized. A recent systematic ultracentrifugation analysis revealed
that the hexameric state might not be the exclusive quaternary struc-
ture for many insulin analogues under formulation conditions [25,26].

In this publication, we present quaternary structure analysis for the
two Sanofi insulins glulisine (Apidra®) and glargine (Lantus® and
Toujeo®) in their respective pharmaceutical formulations obtained from
synchrotron small-angle X-ray scattering (SAXS). We show that Apidra®
primarily consists of hexamers with a significant fraction of monomers
and dodecamers, which partially dissociate into monomers upon dilu-
tion with placebo. In the formulation conditions of Lantus® and Toujeo®
(insulin glargine), the drug substance seems to be in a more stable
hexamer-dimer equilibrium with only trace amounts of dodecamers.
The results are compared with published quaternary structure in-
formation on human insulin and pharmaceutical insulin analogues and
their implications are discussed.

2. Materials and methods
2.1. Materials

Apidra®, Lantus® and Toujeo® drug product solutions were taken
from commercial material contained in cartridges and with shelf-life.
The composition of the drug product solutions is given in Tables 1-3.

2.2. Small angle X-ray scattering

Synchrotron radiation X-ray scattering data from drug product so-
lutions were collected at the EMBL P12 beamline of the storage ring
PETRA III (DESY, Hamburg, Germany) [27]. Images were collected
using a photon counting Pilatus-2M detector at a sample to detector
distance of 3.1 m and a wavelength (A) of 0.12 nm covering the range of
momentum transfer (s) 0.15 < s < 5nm™; with s = 4nsin6/A, where
20 is the scattering angle). The drug product solutions were measured
at the concentration as in the formulations, i.e. 10.91 mg/ml for
Toujeo®, 3.64 mg/ml for Lantus® and 3.49 mg/ml for Apidra®. To assess
the behavior upon dilution, the formulation was either diluted with
placebo (formulation without drug substance) or double distilled water.
A continuous flow cell capillary was used to reduce radiation damage.
The latter was monitored by collecting 20 successive 50 ms exposures,
comparing the frames, and discarding those displaying significant al-
terations.

In general, the respective placebos (formulations without drug
substance) were suitable for background subtraction, especially for
Apidra®. For Lantus® and Toujeo®, however, slight miss-matches were
detected. This can be explained by the presence of zinc ions in the

Table 1

Composition of Apidra® per ml.
Insulin Glulisine® 3.49mg
Sodium chloride 5.00 mg
m-Cresol 3.15mg
Trometamol 6.00mg
Polysorbate 20 0.01 mg
Water for injection q.s. 1.00ml
pH value 7.3
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Table 2

Composition of Lantus® per ml.
Insulin Glargine® 3.64mg
Zinc chloride 30ug
m-Cresol 2.7 mg
Glycerol 85% 20mg
Sodium hydroxide q.s. to pH4.0
Hydrochloric acid q.s. to pH4.0
Water for injection q.s. to 1ml

Table 3

Composition of Toujeo® per ml.
Insulin Glargine® 10.91 mg
Zinc chloride 0.19mg
m-Cresol 2.7 mg
Glycerol 85% 20mg
Sodium hydroxide q.s. to pH4.0
Hydrochloric acid q.s. to pH4.0
Water for injection q.s. to 1ml

insulin glargine formulations that are added to influence the association
state. Once these bind to the drug substance, and are thus removed from
the excessive solvent, the electron density contrast of the solvent is
reduced leading to an over-subtraction of the background scattering.
Another effect of zinc ions is seen in the increase of radiation sensitivity
of Lantus®. The earlier onset of radiation induced alterations leads to a
decreased exposure duration, and thus, observed decrease in signal to
noise ratio compared to Apidra® as scattering frames with traces of
radiation damage are discarded. Nevertheless, suitable scattering
curves could be obtained and used for further analysis.

The data were normalized to the intensity of the transmitted beam
and radially averaged; the scattering of the placebo without drug sub-
stance (or ddH,0) was subtracted and the difference curves were scaled
for solute concentration. The forward scattering I(0), the radius of
gyration (Rg) along with the probability distribution of the particle
distances P(r) and the maximal dimension (Dy,,x) Were computed using
the automated SAXS data analysis pipeline SASFLOW [28].

The molecular masses (MM) were evaluated by comparison of the
forward scattering with that from reference solutions of bovine serum
albumin. In addition, various concentration-independent methods were
applied utilizing empirical relationships between MM and several
structural parameters obtained directly from the data [29]. These ap-
proaches utilized the datporod [30], datmow [31], and datvc [32]
modules of the ATSAS 2.8.3 package. In the datporod method, the ex-
cluded protein volume in A3 calculated from the Porod invariant [30] is
divided by 1.6 to yield the MM estimate in Da. MoW, first implemented
by Fischer et al. [31], also uses the scattering invariant and a fixed
range of pre-defined values of s,,x as well as empirical correction fac-
tors. The obtained volume is multiplied by the average mass density of
proteins (0.83 x 10°kDa A ~3). Datvc is based on the observed relation
between V2 (squared volume of correlation) and R, [32]. Additionally,
a Bayesian inference approach takes the individual methods into ac-
count and reports MM estimates together with a credibility interval
[29].

CRYSOL [33] was used to calculate the scattering profiles from the
atomic coordinates of the available insulin structures (in house models
as well as models from the Protein Data Bank (PDB [34]) and compare
them with the experimental data.

To quantitatively characterize mixtures of different oligomeric
species, the program OLIGOMER [35] was used, which fits the observed
experimental data by a weighted combination of the theoretical scat-
tering curves (form factors) from different quaternary structures. For
insulin glargine, the final modelling was based on the biological as-
sembly observed in the rhombohedral form of the m-cresol/insulin R6
hexamer (PDB entry lev3.pdb), which yielded the best agreement with
the experimental data. For insulin glulisine a model developed in-house
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was used. The arrangement of hexamers in the insulin dodecamer was
taken as in the PDB entry 3 W80.

The graphical representations of the models were generated using
PyMOL. (The PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC.)

The experimental data and models are deposited in SASBDB [36]
(https://www.sasbdb.org/) with the accession codes SASDF94,
SASDFA4, SASDFB4.

3. Results

3.1. Insulins glargine (Lantus®) and glulisine (Apidra®) differ in apparent
molar mass despite being formulated at the same concentration

In the development of insulin formulations, knowledge on the
quaternary state of the hormone and its analogues is crucial to account
for the physical and chemical stability of the drug substance as well as
to determine ways for further improvement. Here, we set out to un-
derstand the composition of the insulin analogues under formulation
conditions. Solution SAXS is an ideal method for this as the technique is
not hampered by restrictive sample requirements, and the drug sub-
stances can be evaluated directly in the formulation without any further
sample manipulation.

The synchrotron SAXS data were collected (Table 4: SAXS data)
directly on the formulations and the scattering from respective placebos
(formulations without drug substance) was subtracted as described in
Methods. Fig. 3 displays the comparison of Apidra® with Lantus® both
formulated at similar concentrations, which correspond to U100

Table 4
Data collection and SAXS-derived parameters.

Data collection parameters

Radiation source Petra III (DESY, Hamburg, Germany)

Beamline EMBL P12

Detector Pilatus 2 M, Pilatus 6 M

Beam geometry (mm?) 0.2 x 0.12

Wavelength A) 1.24

Sample-detector distance (m) 3.1

s range (nm™Y) 0.002-0.45

Exposure time (s) 0.045

Temperature (°C) 20

Overall parameters Apidra® Lantus® Toujeo®

Concentration range (mg/ml) 0.87-3.49 3.64 1-10.91

R; from Guinier approximation 23.1 = 0.2 17.8 £ 0.6 18.0 £ 1.0
& .

R from PDDF (A) 23.3 + 0.2 18.3 = 0.6 18.0 = 1.0

Dyax (A) 75 + 6 53 + 4 62 = 5

Molecular weight from forward 34 = 3 35 + 3 Na.
scattering 1(0), (kDa)

Molecular weight from excluded 33 = 3 28 =3 na.
volume (kDa)

Molecular weight from 35 + 3 35 + 3 na.
DATMOV, (kDa)

Molecular weight from volume 35 +3 26 = 3 na.
of correlation (kDa)

Bayesian Credibility interval; 33-37 kD 30-33 kD na.
(kDa, probability) (94%) (91%)

Molecular weight from sequence 5.8 6.1 6.1
(monomer, kDa)

Software employed

Primary data reduction SASFLOW

Data processing PRIMUS

Calculation and comparison of CRYSOL
scattering data

Mixtures modelling OLIGOMER

SASBDB accession code SASDF94 SASDFB4 SASDFB4

Temporary links:
https://www.sasbdb.org/data/SASDF94/5jm7b16yjy/.
https://www.sasbdb.org/data/SASDFA4/qghaknhme8/.
https://www.sasbdb.org/data/SASDFB4/6ule5s2wha/.
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Fig. 3. Experimental scattering curves of insulin glulisine in Apidra® (gray) and
insulin glargine in Lantus® (black). A, scattering profiles presented as log I(s). B,
Guinier plots and linear regression (solid line) for evaluation of structure factor,
R-squared values are indicated.

(c1apidra = 3.49 mg/ml and c¢;1anws = 3.64 mg/ml). Despite only minor
variations in the primary structure (Fig. 1), the solution scattering data
from Apidra® and Lantus® show significant differences (Fig. 3). First,
the interparticle interference effects are much stronger in the Lantus®
formulation as revealed by a down-ward bend of its scattering profile at
low angles. For Apidra®, the linear Guinier plot of the data at very low
angles (Ini(s) vs 5%, s* < 0.3 nm~ 2, with the R-squared value R*> =
0.986 (Fig. 3B, bottom panel) indicates that the complex is isotropic
and neither affected by self-association (aggregation) nor repulsive in-
terparticle interference effects. The Guinier plot of Lantus®, on the other
hand, is non-linear at very low angles, InI(s) vs s 2s2<0.5nm % R? =
0.888 (Fig. 3B, top panel) with a negative curvature suggesting a re-
pulsion between the scattering objects. This repulsion is a desired fea-
ture of the drug to prevent further association and undesired aggrega-
tion. This prolongs the shelf-life of insulin glargine and offers the
possibility to increase its concentration. Note that the effect is yet
stronger for Toujeo® (U300), as it will be discussed below. Second, al-
though the average molecular mass (MM, Table 4) estimates derived
from the scattering profiles of the formulated insulin homologues are
similar with Bayesian credibility intervals of 33-37 kDa for Apidra® and
30-33 kDa for Lantus®, the faster decay of the Apidra® curve suggests
that larger species are present in the formulation (see detailed analysis
below). Interestingly, the apparent MM estimates are close to the ex-
pected MM of hexameric species (6 X 5.8kDa ~ 35kDa) suggesting
that both formulations contain mainly hexamers. However, the sub-
sequent analysis demonstrates that these formulations are hetero-
geneous solutions containing equilibrium mixtures of various oligo-
meric states.

3.2. Concentration-dependent mixture composition of insulin glulisine
(Apidra®) and the presence of larger oligomeric species

To further analyze the oligomeric composition of the insulin gluli-
sine, SAXS data were collected from a range of concentrations by di-
luting the formulation with placebo. Fig. 4A displays the scattering
curves collected at concentrations ¢; (3.49 mg/ml), ¢y s (1.74 mg/ml)
and ¢ 25 (0.87 mg/ml). The curves as well as the model-free parameters
derived from them (Table 4) are in line with a concentration-dependent
dissociation of the solute. To quantify this, we performed a mixture
analysis of the scattering profiles with the program OLIGOMER [35],
which fits the experimental data by linear combinations of the scat-
tering curves computed from different oligomeric states. Initially, we
tried to fit the data solely with hexamers, dimers and monomers;
however the fits (blue lines) displayed noticeable systematic deviations
indicating that higher species are present. The fits are significantly
improved when allowing for the presence of dodecamers as illustrated
in Fig. 4B and Table 5. On the other hand, the presence of dimers was
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Table 5
Concentration-dependent oligomeric composition of Apidra®.
Concentration x> Monomers Dimers Hexamers Dodecamers
3.49 mg/ml* 1.08 25% 0% 43% 32%
1.74 mg/ml* 1.01 37% 0% 41% 22%
0.87 mg/ml* 0.97 56% 0% 31% 13%
3.49 mg/ml** 9.91 0% 0% 100% -
1.74 mg/ml** 2.4 7% 0% 93% -
0.87 mg/ml** 1.14 43% 0% 57% -

Parameters obtained from fitting the SAXS data with (*) and without (**) do-
decamers in the mixtures.

not required to fit the experimental data, and their volume fraction was
always essentially zero. From this, we conclude that the larger com-
plexes (hexamers and even dodecamers), present at the highest con-
centration, directly dissociate into monomers upon dilution in the
Apidra® formulation. The specific amino acid replacements as well as
the absence of the insulin hexamer stabilizing Zn>* ions drive the
equilibrium to the active monomeric state and are in agreement with
the expected working mechanism for these rapid-acting insulin analo-
gues. Most importantly, the volume fraction of the dodecamers de-
creases with dilution, so that their formation is reversible and should
neither alter the medical relevant dosage of the drug substance, nor
lead to the formation of potentially harmful aggregates. A recent pub-
lication [25] also reported three oligomeric species of insulin glulisine
under formulation conditions based on analytical ultracentrifugation.
The authors proposed the three species to be dimers, hexamers and
dodecamers. To correlate our results with those reported in [25], we
fitted the experimental Apidra® data assuming a mixture of dimers,
hexamers and dodecamers, not allowing for monomers. In these fits the
dimeric fraction was essentially replacing that of monomers and the fits
were worse.

3.3. Repulsive and attractive interactions of insulin glargine (Lantus® and
Toujeo®) at different concentrations

In both formulations, interparticle repulsions between the insulin
oligomers exist, ensuring sufficient shelf-life by preventing further as-
sociation and subsequent aggregation. In terms of a scattering experi-
ment, the excluded volume effect resulting from the repulsion leads to a
downward trend in the scattering profiles at low s (Fig. 5A). Here, the
effect is obviously stronger for Toujeo®, formulated at U300 (10.91 mg/
ml, black curve) than Lantus® which is formulated at U100 (3.64 mg/
ml, blue curve). Overall, the curves overlay well indicating that the two
samples possess a similar structural arrangement as well as oligomeric
composition. Dilution experiments for the systematic analysis of insulin
glargine were more challenging than for insulin glulisine. On the one
hand, the unbuffered state of the formulation is very sensitive to
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Fig. 4. Analysis of oligomeric composition of Apidra® at dif-
ferent concentrations. A, scattering profiles collected at
c; = 3.49mg/ml (top curve), at co5 = 1.74 mg/ml (middle
curve) and ¢g 05 = 0.87 mg/ml (bottom curve); blue and red
fits were obtained without and with the inclusion of dodeca-
mers, respectively. For better visibility, the profiles and fits
are shifted along the vertical axis. B, Stacked column diagram
of the distribution of different oligomeric states displayed at
the right as cartoons. Dodecamers, gray; hexamers, red;
monomers blue.

1.74 0.87
mg/ml mg/ml mg/ml

introduction of normally negligible amounts of residual cleaning solu-
tion and can lead to a shift in pH of such a magnitude that by passing its
isoelectric point, aggregates are formed. This is reminiscent of the
working mechanism of insulin glargine to act as a long-lasting insulin.
This analogue has been designed to form an insoluble depot upon in-
jection (i.e. upon dilution with interstitial fluid and pH shift). On the
other hand, dilution also shifts the equilibrium between excess zinc and
phenol molecules that are part of the formulation composition. This
creates difficulties in obtaining scattering frames suitable for back-
ground subtraction. In addition, the presence of zinc also increases the
sensitivity to radiation and thus limiting the length of exposure. After
testing various solutions for dilution as well as background subtraction,
we found the dilution with ddH,O to be most suitable for keeping the
glargine solutions well behaving and obtain interpretable scattering
curves at lower concentrations. A 10-time dilution of Toujeo® in ddH,0
led to a pH change from 3.9 to 4.3. Scattering data from samples in
which dilution did artificially lead to aggregation were discarded and
those without traces of aggregate formation were averaged to have the
data with sufficient signal. Data collected from a concentration series
ranging from 1mg/ml to 10.5mg/ml were collected (Fig. 5). The
curves vividly demonstrate the transition from repulsive interactions
(downward bend) for Toujeo® in the original formulation to attractive
interactions (upward bend) upon dilution to lower insulin concentra-
tions, which might be a consequence of a pH shift during dilution. This
observation is fully consistent with the fact that upon pH increase of the
formulation, insulin glargine is prone to aggregate and precipitate. This
reduced solubility upon pH shift accounts for its prolonged action. Al-
though the interparticle interference effects were changed upon dilu-
tion, the samples showed consistent scattering over a wider range of
concentrations. This suggests that both formulations, Toujeo® and
Lantus®, comprise a similar structural arrangement, oligomeric com-
position as well as surface charge.

3.4. Oligomeric composition of insulin glargine (Toujeo®)

Based on the molar mass estimates, insulin glargine is mainly hex-
americ (Table 4). To address the structural organization of these hex-
amers, we screened the experimental curve against a large number of
PDB models in a similar manner as described in [37]. All examined
hexamer models failed to adequately fit the data, even the best fit ob-
tained with the biological assembly described by the m-cresol/insulin
R6 hexamer (1ev3.pdb), revealed a rather high discrepancy (x> above
4.

To improve the fits equilibrium mixture analysis was performed. As
described for Apidra®, the data was fitted by the program OLIGOMER
allowing for different distribution of monomers, dimers, hexamers and
dodecamers. For the two highest concentrations quantification of the
oligomeric composition is not straightforward as the data is strongly
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Fig. 5. Scattering profiles of insulin glargine under formula-
tion conditions and dilutions thereof. Scattering profiles of

Toujeo® U300 (10.91mg/ml (black)), Lantus® U100
(3.64mg/ml (blue), and Toujeo® at various dilutions in
ddH,0 (co 5 = 5.54 mg/ml, light gray, filled; co.33 = 3.64 mg/
ml, cyan, filled; cgo; = 1 mg/ml, red) are displayed (A), on
log scale and (B), on linear scale (for smallest angles).

here enable a faster diffusion, potentially resulting in decreased ap-
parent masses and hydrodynamic radii.

We have investigated the quaternary structure of the two Sanofi
insulins, glulisine (Apidra®) and glargine (Lantus® and Toujeo®) in their
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Table 6
Concentration-dependent oligomeric composition of Toujeo®.
Concentration x2 Monomers Dimers Hexamers Dodecamers
U300 2.3 0% 47% 53% - 4. Discussion
10.9 mg/ml”
5.54 mg/ml 3.7 0% 41% 59% 0%
3.64 mg/ml 1.27 0% 39% 57% 4%
1.0 mg/ml 1.03 0% 47% 50% 3%

@ Note, only scattering data ats > 0.5nm ™' was used for the fitting because
due to the effect of interparticle interference.

influenced by the interparticle interactions. For undiluted Toujeo®, the
fitting could only be performed for s > 0.5nm ™. Very good fits were
obtained with approximately 40% dimers in addition to hexamers. For
lower concentrations a small volume fraction of dodecamers (< 4%)
also improved the fit (Table 6; Fig. 6). The contribution to the scattering
profile of this higher oligomeric species would most likely be “over-
shadowed” by the effect from the interparticle repulsion at higher
concentrations and is thus not observable. Taken together, our results
indicate for insulin glargine a stable hexamer-dimer distribution in both
formulations as well as over a wider range of concentrations. Con-
sistently, using dynamic light scattering (DLS) and analytical ultra-
centrifugation (AUC), Adams et al. reported that the oligomeric com-
position of both dosage strengths of insulin glargine is practically
identical [25,26]. However, they assume that insulin glargine is purely
or predominantly dimeric. Our results clearly indicate that glargine
samples contain much larger oligomers than dimers. Even for the lowest
solute concentration (1 mg/ml), an attempt to fit the glargine data with
the computed scattering from the insulin dimer yielded a very poor fit
with ¢ = 5.0, such that higher oligomers are indispensable to obtain
agreement with the experimental data. A potential explanation for the
observed discrepancy to the oligomer assessment reported in [25,26]
could be an underestimation of the non-ideality of the insulin glargine
formulations in AUC and DLS, as the repulsive interactions reported

B

05 r

Volume fraction

47%|
|
|
|

41%

39%

respective marketed formulations and the influence of dilution on the
oligomeric composition. Synchrotron SAXS was our method of choice
since it allows one to investigate the formulations at defined insulin
concentrations without applying any kind of stress, which may influ-
ence the quaternary structure.

We showed that the three formulations are mainly hexameric in-
sulins, but they also contain smaller and larger oligomeric species, in
significant amounts. Apidra® displayed a concentration-dependent oli-
gomerization equilibrium between monomers, hexamers and dodeca-
mers. At U100, Apidra® is present largely as hexameric insulin with
significant fractions of monomers and dodecamers, whereas the
monomers become a dominating species at lower concentrations when
diluting with the placebo. In contrast, Toujeo® and Lantus® appear to be
present largely as a hexamer-dimer-system. Upon dilution with water
the equilibrium remains nearly unchanged.

The above results further support our understanding of the mode of
action of the investigated insulins and of the observed PK/PD profiles
[20]. Upon subcutaneous injection of typical insulin doses, an initial
dilution with interstitial fluid of approximately a factor of two can be
expected [17]. The first step in the insulin absorption process following
subcutaneous injection is mainly diffusion-controlled. Therefore, the
association state of the insulin analogue in the formed subcutaneous
depot will have a pronounced effect on the PK/PD profile. Larger in-
sulin associates diffuse slower into subcutis regions of lower insulin
concentration, where they can dissociate into smaller oligomers and
finally monomers. Only the monomers can then, in the next absorption
step easily enter the blood stream through the endothelium and become

Fig. 6. Analysis of oligomeric composition of insulin glargine
at different concentrations. A, scattering profiles collected at
Toujeo® formulation concentration (10.91 mg/ml, top curve),
co.s = 5.45mg/ml (second curve), cp33 = 3.56 mg/ml (third
curve), and co; = 1 mg/ml (bottom). Experimental data is
shown in black and fits are shown in red. B, Stacked column
diagram of the distribution of different oligomeric states dis-
played at the right as cartoons. Dodecamers, gray; hexamers,
red; dimers, cyan.

1091 546 3.64
mg/ml mg/ml mg/ml

1.00
mg/ml
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systemically available.

Glargine in Lantus® and Toujeo® is designed to have an isoelectric
point of about 7.0 and thus forms very large associates upon sub-
cutaneous injection and dilution with interstitial fluid. These large as-
sociates finally form a precipitate facilitating a delayed and prolonged
absorption from the injection site. At a slightly acidic pH, as in the
marketed formulations, glargine is fully soluble and present as a stable
hexamer-dimer equilibrium as we found in this study. Recently, glar-
gine dimers were reported by dynamic light scattering and analytical
ultracentrifugation as well [26]. Further, the observed interparticle
interference effects clearly revealed the propensity of insulin glargine
for attractive interactions upon pH increase towards physiological pH,
which is the required condition for precipitation. In contrast, insulin
degludec (Tresiba®), another long-acting insulin, forms dodecamers (di-
hexamers) in marketed formulations and associates to multi-hexamers
in linear arrays upon phenol/cresol depletion [38]. The quaternary
structure of insulin analogues in formulations frequently differs from
the oligomeric state in the subcutaneous tissue.

The situation for glulisine in Apidra® is different. Upon dilution with
placebo, we show that the oligomeric state of the insulin analogue is
significantly shifted to smaller oligomers (monomers), though still far
away from being purely monomeric. However, under tested conditions
glulisine hexamers have been shown to dissociate much faster com-
pared to other fast-acting insulins [19]. Those observations are con-
sistent with the fact that the exchange of asparagine at B3 for lysine
induces slight steric and electrostatic repulsion between the monomer
molecules thus facilitating a rapid dissociation into the active mono-
meric insulin upon dilution and depletion of ligands [20]. On the other
site, the exchange at B29 for glutamic acid allows stabilization of the
monomer realizing even a stable zinc-free formulation. In contrast,
another strategy to accelerate hexamer dissociation in vivo is to in-
troduce mutations impairing the dimer interface as done in insulin as-
part and lispro. Interestingly, both strategies lead to similar clinical PK/
PD profiles of the marketed fast acting insulins. In the subcutis im-
mediately upon injection, the expected dilution (about 1:1 with inter-
stitial fluid according to [17]) hardly changes the oligomeric equilibria
of marketed fast acting insulins [19]. A potential approach to even
faster-acting insulins could be to design an insulin analogue, which
upon injection of a suitable formulation is purely or highly monomeric
in the subcutaneous depot. Recent developments of faster acting in-
sulins follow the approach to add novel excipients to formulations of an
established insulin analogue, which facilitate insulin absorption
[39-41]. These excipients (niacinamide, trepostinil) are known to be
vascodilators, however, their exact mode of action is still subject of
investigations and discussion.

In conclusion, we demonstrated that SAXS is a powerful tool to
investigate quaternary structure and thus association/dissociation be-
haviors of insulin in formulations and upon dilutions. Our results fur-
ther indicate that stable insulin formulations can be mixtures of dif-
ferent oligomeric states and are not necessarily pure hexamer solutions
as previously believed.
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