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Abstract

Purpose In 2015, an interdisciplinary project was
started to fill the gap of knowledge on the toxicokinet-
ics of aluminium (Al) after exposure from adjuvanted
products for subcutaneous immunotherapy (SCIT).
Methods Two complementary initiatives of the project
are explained. The results of two studies are reviewed
and put in connection with the overarching goal. An
estimate is given which steps have been reached and
which are still needed.

Results Recent in vivo data provided evidence of
systemically available Al from SCIT products in rats
(Weisser et al. 2020 [1]). The data are highly valuable
for further development of the physiology-based tox-
icokinetic (PBTK) model for Al exposure which has
been established in parallel (Hethey et al. 2021 [2]).
Conclusion The Hethey model is an important step
towards prediction of Al exposure in man from various
sources. For use in risk assessment of Al exposure
from SCIT products further extension of the model is
warranted.
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AlO(OH) Aluminium oxyhydroxide
AP Aluminium phosphate

AUC Area under the curve
BMD Bone mineral density
GFR Glomerular filtration rate

IM Intramuscular

PBTK Physiology-based toxicokinetic
PTWI Provisional tolerable weekly intake
SC Subcutaneous

SCIT Subcutaneous immunotherapy
ww Wet weight

Introduction

Allergen-specific immunotherapy (AIT) is a well-es-
tablished treatment for allergies with gradually in-
creasing doses of allergen extracts over a period of
2-3 years. Most of the subcutaneous allergen im-
munotherapy (SCIT) products marketed in Europe
are adsorbed to aluminium hydroxide (AH) [3]. Pro-
duction is based on either adsorption to commercial
AH gel-like suspensions (e.g., Alhydrogel®, Croda In-
ternational, Snaith, UK) or in situ coprecipitation of
AH with the candidate antigens [4]. According to
the European Pharmacopoeia the Al content in SCIT
products is limited to 1.25mg per dose and has to be
labelled in the product information [5].

With regard to the cumulative Al amount adminis-
tered per year (up to 15mg Al following 4-weekly max-
imum doses), SCIT constitutes an important source
of Al in humans considering the provisional tolerable
weekly intake (PTWI) for Al from all dietary sources
(2mg/kg body weight) and an oral bioavailability of
aluminium from food of 0.1% [6].

Up to 2014, knowledge of aluminium toxicokinet-
ics after subcutaneous (SC) injection of Al-adjuvanted
SCIT products was sparse. While Al bioavailability af-
ter parenteral administration is supposed to be 100%,
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the rate of absorption and thus the potential Al in-
crease in plasma and tissues over time in humans was
unknown. Due to the insolubility of the Al complexes
absorption rate was expected to be slow. Investiga-
tions at SC [7] or intramuscular (IM) [8] injection sites
in animals suggested absorption time periods of sev-
eral months for an AH adjuvant.

On the one hand, a physiology-based toxicokinetic
(PBTK) model was urgently needed for extrapolation
of animal data to humans [9]. On the other hand, rel-
evant animal data on Al absorption and distribution
after administration of Al-adjuvanted products to in-
form such a model were lacking [10, 11]. In 2015, we
therefore started an ambitious interdisciplinary toxi-
cokinetic project. The main objectives were on the
one hand to generate new in vivo data on the kinet-
ics of Al adjuvants and on the other hand to develop
a PBTK model suitable for prediction of Al exposure in
rats and humans. The ultimate goal was to get a valid
tool for prediction of Al tissue accumulation after Al
adjuvant exposure from SCIT and vaccine products
in all age groups. Such predictions were expected to
substantially improve regulatory risk assessment.

Methods

Two main studies have been completed so far and are
comparatively reviewed in the following.

The kinetic study in rats was conducted as de-
scribed in [1] (full methods see Appendix). Figure 1
depicts a summary of the study design: In brief,
groups of Wistar rats (approximately 2 months of age;
mean body weight 350 g) received a single SC injection
(ImL) of either plain AH adjuvant (AH: Alhydrogel®,
1.25mg Al/mL; n=6), each of two AH-adjuvanted
SCIT products at highest marketed strength which
differ in adjuvant manufacture (P1: Alhydrogel®-ad-
juvanted mixed grass pollen allergen, 1mg Al/mlL;
P2: in situ coprecipitated AH-adjuvanted mixed grass
pollen allergen, 1.13mg Al/mL; n=6 each), or vehicle
(saline; n=3). Al in plasma (over 80 days) and tissues
(at day 80; whole humerus bone, right brain hemi-
sphere, and injection site subcutis) was determined
by atomic absorption spectrometric (AAS) procedures.

In parallel, a comprehensive collection of study
data on 2°Al kinetics in rat and man has been estab-
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Design of the rat study on the kinetics of AH adjuvant and AH-adjuvanted allergen products P1 and P2 [1]

lished and utilised to build a PBTK model [2]. The
final curated dataset contained 319 human and 620
rat 26Al observations in various tissues (Table 2 in
[2]). All data resulted from single PO (peroral) or IV
(intravenous) dose administration of 26Al citrate or
chloride, except for a single human, which received
a second dose after 2 years. The model performance
was investigated by use of an external ?’Al dataset on
the plasma kinetics of IV Al citrate in rats [12], a full-
body retention dataset after IV 2°Al citrate in humans
[13], and a data set of Al plasma data in humans
published by de Ligt et al. (2018, [14]) comprising
14 women who IV received small amounts of 26Al as
citrate. All datasets and calculations were provided in
the Supplementary Material to [2].

Results

Time courses of Al in plasma did not exhibit profiles
distinctive from that of the vehicle group, partly due to
a relatively high value of 11 ug/L in the vehicle group
(see Fig. 1 in [1]). However, after P2, but not after P1
and AH, a significant increase in Al plasma AUC (area
under the curve) over 80 days [AUC(0-80d)] com-
pared to vehicle was observed (1431+314 vs. 909+
115pg/L-d; mean + standard deviation [SD]; Fig. 2).
Bone Al content was significantly increased in all
groups, again strongest in the P2 group [mean (stan-
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Fig. 2 Areaunder the curve over 80 days [AUC(0-80d), +SD]
of Al plasma concentrations after administration of plain adju-
vant (AH), SCIT products P1 or P2, or vehicle (saline). *p <0.05
(Wilcoxon-Mann-Whitney test on difference to vehicle)
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Fig. 3 Total Al amount (+SD) lost/released from the injection
site 80 days after administration of plain adjuvant (AH), or SCIT
products (P1, P2)

dard deviation): 1.28 (0.26), 0.64 (0.12), 0.72 (0.10),
and 0.40 (0.11) ug/g wet weight (ww) for P2, P1, AH,
and vehicle, respectively]. No significant difference
in brain Al concentration between any treatment and
vehicle was observed (Fig. 2 and Table S2 in [1]).

A significant decrease (%) of the total Al amount
injected was observed in samples of the injection site
subcutis at day 80 for P1 (11.2%) and P2 (56.9%), but
not for plain AH (1.7%) (Figure S3 in [1]). Figure 3
shows the calculated absolute amounts of Al released
from the injection sites. The ranking of the bars of Al
amounts released (Fig. 3) was similar to the ranking
of Al plasma AUC (Fig. 1) and Al in bone after 80 days
(Fig. 2 in [1]). This was corroborated by the close
relationship between the Al amounts released with Al
plasma AUC and bone Al on the individual rat level
(Fig. S4 in [1]).

In parallel, a basic PBTK model for the PO and
IV exposure of soluble 26Al salts in rats and humans
was successfully implemented and validated [2]. The
model differentiates between administration of Al as
chloride and as citrate reflecting the difference in re-
nal filterability of Al citrate compared to Al chloride
[15]. Higher plasma clearance for Al citrate compared
to other salts was confirmed in our recent kinetic
study after IV injection of Al citrate in rats [12].

The final model parameters predict a half-life of Al
from bone of 198 (162) weeks in male (female) hu-
mans [2]. This means that each accumulated amount
of Al in bone is expected to be released again but in
a very slow manner taking many years for complete
elimination. In contrast, none of the experimental
data available in brain gave an indication of release
from the tissue over time. Therefore, and in line with
[16] this organ was (from a toxicological point of view)
conservatively modelled as a sink.

Discussion

Our adjuvant study in rats constituted the first-time
proof of systemically available Al from marketed SCIT

products in vivo [1]. Al increase was mainly visible in
bone, less in plasma, but not in brain. Shortly before,
we could demonstrate similar evidence for Al adju-
vanted vaccines administered IM in rats. It is more
than two decades ago that Flarend et al. [17] investi-
gated short-term plasma and various tissue Al concen-
trations in two rabbits; however, they did not evaluate
Al levels in bone and injected plain self-prepared 26Al-
adjuvants. More recently, McDougall et al. (2016 [7])
failed to detect changes in Al levels in plasma, kidney
or brain after SC administration of an Alhydrogel® ad-
juvanted formulation in rats [18].

Furthermore, our data indicated that Al-adjuvanted
SCIT products do not behave uniformly. We observed
a remarkable difference in the degree of Al bioavail-
ability on day 80 after injection between two marketed
AH-adjuvanted SCIT products. The rate of SC absorp-
tion of Al appeared higher from a coprecipitated prod-
uct than from a product adjuvanted with commercial
Alhydrogel®. We are aware that tissue determination
on day 80 is only a cross-sectional view and that differ-
ent bone levels might only reflect different rates of ab-
sorption. This would imply that, once Al absorption is
completed, two products containing the same Al dose
will reach comparable cumulative Al levels in bone,
however at different time points. Linear extrapolation
from the loss of Al from the injection site indicated
that Al absorption might have been completed af-
ter 120 (coprecipitated product) and 350 (Alhydrogel®
product) days, respectively. This suggests that each
single SC injection sets a depot of AH which contin-
uously releases Al over a period of 5 months up to
1 year.

The difference in SC absorption rate observed is
most probably related to the difference in physic-
ochemical properties of the adjuvant preparation
such as chemical composition, surface area, electric
charge, morphological structure, and particle size [4,
19]. Between preformed commercial AH products like
Alhydrogel® and coprecipitated AH adjuvants mainly
the degree of crystallinity and the chemical compo-
sition appears to be different: The former consist of
crystalline aluminium oxyhydroxide (AIO(OH)) identi-
fied as boehmite, whereas the latter is an amorphous
aluminium hydroxyl-(buffer ion)-sulphate. Buffer
and sulphate anions substitute for hydroxyls leading
to varying composition and properties dependent on
the precipitation conditions. For example, Al adju-
vants precipitated in the presence of a phosphate
buffer are essentially the same as aluminium phos-
phate (AP) adjuvants [4, 19]. Of note, the differences
seen between P2 and P1 on day 80 resemble those
between AP and AH adjuvant indicated in the early
Flarend study [17] and confirmed by our recent vac-
cine study [18]. Thus, both amorphous structure
and higher solubility might have contributed to the
higher rate of systemic Al availability observed for the
coprecipitated product.
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The coprecipitated product P2 only showed a sig-
nificant increase in total Al plasma AUC-gq being
a robust quantitative measure of plasma exposure.
Unfortunately, the lack of a distinct plasma profile did
not allow model-based evaluation of Al absorption ki-
netics. However, a shape without a clear Cnax might
be more in accordance with zero order than with first
order input kinetics.

In line with the increase in plasma AUC the P2
group also showed the highest absolute increase of Al
concentration in bone (0.87pg/g ww). A more visible
increase in bone rather than plasma exposure is not
surprising: rapid renal Al plasma clearance prevents
a sharp rise of plasma levels above a relatively high
baseline level, whereas elimination of Al from bone
is very slow. The skeleton is the major storage com-
partment for Al in the body of both rats and humans
[16]. Thus, Al amounts reaching bone build a long-
term deposit which facilitates detection.

The highest total bone Al concentration measured
in our rats (1.3pg/g ww) is far below levels of toxico-
logical concern. Studies conducted by Sun et al. [20,
21] indicated that rats with bone Al concentrations
up to 15nug/g (ww) were without abnormal findings,
whereas above 20ug/g (ww) bone formation markers
decreased and oxidative stress markers increased, and
in groups >30pg/g (ww) bone mineral density (BMD)
decreased significantly. Similarly, bone Al levels below
10-15pg/g (ww) in humans are not associated with
“Al-overload” or any signs of bone toxicity [22-24].

We did not find a significant increase in brain Al
concentration in all groups. This is not unexpected
as from %Al kinetic data in rats it is known that in
contrast to bone only a very small fraction of dose
retains in brain [25, 26]. As we determined Al con-
centration in a whole brain hemisphere also the po-
tential presence of Al clusters due to focal accumula-
tion reported for human brain tissues [27] could not
have been missed. Furthermore, as determination by
AAS comprises dissolved AlI** ions as well as insoluble/
particulate Al species, our measurements would also
have captured any Al particles hypothetically trans-
ported into the brain by macrophages [28]. Thus, our
results show that contribution of such particulate Al
amounts, if any, are marginal.

The positive relationship found between absolute
Al amount released from the injection site and both
plasma AUC(0-80d) and bone Al concentration at the
individual rat level confirm that the Al loss measured
can be interpreted as bioavailable amount and in-
crease in bone and plasma exposure are fairly pro-
portional to this amount. However, we cannot ex-
clude overestimation of Al bioavailability as we have
not considered potential alternative pathways such
as phagocytosis and transport of insoluble AH to the
draining lymph node by antigen-presenting immune
cells.

Increases of Al exposure in plasma and bone ob-
served in rats cannot be translated one-to-one to hu-

mans; this is especially true for bone allometry with
interspecies differences in bone architecture and re-
modelling [29]. Valid extrapolation to humans (espe-
cially children) requires physiologically based mod-
elling. In this respect, the successful development of
the Hethey-model was an important step paving the
way towards a more quantitative risk assessment in
humans. It has been built on the most extensive and
diverse dataset of IV and PO administered 2°Al expo-
sure to date. It is a validated tool for predicting Al
tissue concentrations after PO or IV Al exposure of
soluble Al salts (Al citrate or Al chloride) in adult rats
and humans.

However, due to those limitations (PO or IV, soluble
Al salts, adulthood) further extension of the model is
needed in order to enable predictions of Al exposure
resulting from SC or IM applications of adjuvanted
products, especially in children.

Firstly, parameters characterizing the SC or IM in-
put kinetics of Al from adjuvants have to be imple-
mented. Injection site data from various adjuvant
studies could be helpful in this respect. Secondly, in-
clusion of dynamic physiological growth and matura-
tion from neonatal age to adulthood is needed. This
comprises growth of organ volumes and blood flows
as well as the maturation of kidney function (GFR,
glomerular filtration rate) during the first year of life
which is of high importance for the elimination of Al.
Thirdly, as bone is toxicologically and quantitatively
highly relevant some refinement of the bone model is
crucial. The model should be able to reflect changes
in bone constitution, bone density and bone remod-
elling between species and ages. Some guidance is
available from similar models for other bone-seeking
elements like Sr or Pb [30, 31]. In a complementary
manner the adjuvant studies in rats reviewed here can
serve as valuable external data sets to test the perfor-
mance of such an extended model.
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