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low-dose allergoid AIT with MCT or MCT and dose-adjusted MPL promoted Thi-

inducing mechanisms and robust B-cell activation counterbalancing the allergic Th2

Conclusion: Low allergen doses induce cellular and humoral mechanisms counteract-
ing Th2-driven inflammation by using allergoids and dose-adjusted adjuvants. In light
of safety and efficacy improvement, future therapeutic approaches may use low-dose

allergoid strategies to drive cellular tolerance and adjuvants to modulate humoral
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In experimental HDM AIT, a 220-fold reduced allergen dose is equally effective in control of allergic inflammation when HDM allergoids
instead of extracts are applied. Low-dose nonadjuvanted allergoid AlT is less effective in inducing a potentially protective IgG1 response.
Combining low-dose allergoid AIT with the adjuvant MCT or the adjuvant system MCT + MPL promotes Th1-inducing mechanisms and

robust B-cell activation.

1 | INTRODUCTION

Allergen-specific immunotherapy (AIT) can restore allergen tol-
erance and has been introduced over 100 years ago using heat-
denatured allergens.! Until today, modified allergens (allergoids)
with destroyed conformational IgE epitopes, for example, by chem-
ical modification, are well-accepted standard in clinical use. These
modifications reduce side effects and, therefore, enhance the util-
ity and safety of AIT.2* However, the tolerogenic potency of al-
lergoids compared to natural allergen extracts is controversially
discussed.”®

Mechanisms underlying extract and allergoid immunotherapies
have not been explored side by side. However, both therapeutic
strategies induce 1gG4, which can compete with IgE-binding sites on
allergens.” ! IgE cross-linking activates FceR-expressing cells such

as mast cells and basophils which degranulate and recruit further
pro-inflammatory cells like eosinophils and neutrophils. This inflam-
matory cascade is a hallmark of allergic airway inflammation.*? IgE
production originally depends on B cells that receive help from IL-4-
producing Th2 cells, which also decrease after several years of im-
munotherapy, while IFN-y-producing Th1 cells are increasing. These
changes are considered to be important mechanisms of AIT and are
probably promoted by regulatory T cells (Tregs).13

AIT efficacy may be increased by adjuvants,** which are im-
munomodulatory substances that have the potential to enhance
antigen-specific responses both on humoral and on cellular level.
Two clinically approved adjuvants, addressed in this study, are mi-
crocrystalline tyrosine (MCT), a biocompatible and biodegradable
depot adjuvant, and monophosphoryl lipid A (MPL), derived from
Salmonella minnesota LPS with strongly reduced toxicity. Both
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MCT and MPL promote Thl immune responses and IgG-inducing
mechanisms.}>2°

The current study focuses on house dust mites (HDM) as a major pe-
rennial allergen source that is linked to allergic asthma and other allergic
diseases.?! As this allergen source is hard to avoid, the design of safe
and effective HDM-specific AIT is of great importance.?! Therefore, the
aim was to provide comparative mechanistic insights into the balance
between HDM allergens and allergoids as well as adjuvants in relation
to changes of humoral and cellular immune responses. Since com-
mon murine AIT models are based on intraperitoneal (i.p.) aluminum
hydroxide-(alum)-dependent sensitization,?? a new experimental AIT
model was established. Based on more realistic adjuvant-free intranasal
(i.n.) sensitization and subsequent subcutaneous (s.c.), AIT this model
should bear advantage of mimicking human allergy in a more physiolog-
ical way. The effects of high-dose HDM extract AIT and low-dose HDM
allergoid AIT with and without adjuvants were subjected to an in-depth
immunological analysis and revealed tolerogenic effects of low-dose al-
lergoids combined with dose-adjusted adjuvants.

2 | METHODS

2.1 | Animals and reagents

Female C57BL/6J mice between 5 and 6 weeks of age (Charles River,
Sulzfeld, Germany) were housed under specific pathogen-free con-
ditions. All experiments were carried out under federal guidelines
for the use and care of laboratory animals and were approved by
the government of the district of upper Bavaria, Germany (ethical
approval: 55.2-1-54-2532-50-2017).

Dermatophagoides pteronyssinus (Der p) and Dermatophagoides
farinae (Der f) HDM extract, Der p and Der f allergoids, MCT and
MPL were provided by Allergy Therapeutics (Worthing, United
Kingdom). Details about all reagents are given in Appendix S1.

2.2 | Murine model of HDM AIT

Allergic and AlT-treated mice were i.n.-sensitized with 1 pg (total
protein content) HDM extract (1:1, Der p and Der f) in 20 ul PBS on
three consecutive days followed by i.n. challenges with 1 uyg HDM
extract on days 7, 13, and 19 (Figure 1A). Nonallergic mice received
20 pl PBS i.n. AIT was performed with s.c. injections of either 220 ug
HDM extract, or 1 pg (total protein content) HDM allergoids (1:1, Der
p and Der f), or 1 ug HDM allergoids combined with 2% (v/v) MCT or
1 pg HDM allergoids combined with 2% (v/v) MCT and 50 ug MPL
(or with 12.5 pug, 25 pg, and 100 ug MPL in the experiments address-
ing dose-dependent effects of MPL) in 200 ul PBS on days 14, 17,
and 21. Not AlT-treated allergic and nonallergic mice received s.c.
injections of 200 ul PBS. The time points for injections were adapted
from existing protocols of murine AIT.2223 All mice were challenged
i.n. with 10 ug HDM extract on days 29, 30, 31, and 32 and eutha-
nized at day 35 for analysis (day 33 for lung function measurement).

2.3 | Immunological and clinical analysis of
mouse phenotype

Allergic airway inflammation was assessed by measuring total and
differential BAL (bronchoalveolar lavage) cell counts, including eo-
sinophils, neutrophils, CD4* and CD8" T cells, and B2 cells, and by
lung histology. Additionally, lung tissue-resident lymphocyte popu-
lations were analyzed by FACS. Cytokines released from restimu-
lated lung lymphocytes, cervical lymph node cells, and splenocytes
were analyzed by multiplex measurements and total and specific IgE
and IgG levels in the serum either by multiplex measurement or by
ELISA. Lung function analysis was performed 24 h after last allergen
challenge in intubated, mechanically ventilated animals. A detailed
description of all methods and statistical analyses is given in the
Appendix S1.

3 | RESULTS

3.1 | Effects and mechanisms of high-dose HDM
extract and low-dose HDM allergoid AIT in murine
allergic asthma

In order to compare immunological and clinical effects of high-dose
HDM extract AIT (HD-extract-AIT) and low-dose HDM allergoid
AIT (LD-allergoid-AlIT) side by side, a new experimental HDM AIT
model relying on adjuvant-free i.n. sensitization followed by s.c.
AIT (Figure 1A) was established. Additional allergen challenges
before and during AIT were introduced to mimic the unavoidable
allergen contact of HDM-allergic individuals. Preliminary experi-
ments showed that s.c. AIT with 1 ug HDM extract (Figure S1A)
displayed rather pro-inflammatory responses such as increased
numbers of total BAL cells, BAL eosinophils, and lung-resident
GATA3*ST2'FoxP3~ Th2 cells compared with allergic mice
(Figure S1B-D). Therefore, the dosage of HDM extract AIT was
adapted to a concentration used in other murine studies,???* and
the effects of HD-extract-AlT (220 pg extract) and LD-allergoid-
AIT (1 ug allergoid) were compared.

Both therapies decreased the numbers of total BAL cells
(Figure 1B) as well as BAL eosinophils, neutrophils, T cells (Figure 1C),
and B-2 cells (Figure S2A) compared to allergic controls. Histological
analyses confirmed these results, as lungs of both therapeutic
groups displayed significantly decreased peribronchiolar and peri-
vascular inflammatory infiltration. Also, mucus hypersecretion was
significantly decreased in both groups, although more pronounced
in the LD-allergoid-AlIT group (Figure 1D,E). Additionally, the level of
IL-5 was significantly decreased in the BAL of both treatment groups
compared with allergic mice, while a significant reduction in IL-4 and
TNF-a levels was only found in the LD-allergoid-AlIT group (Figure 1F
and Figure S2B). Moreover, HD-extract-AlIT significantly improved
lung dynamic compliance, whereas for LD-allergoid-AlIT only a trend
toward recovery was observed (Figure 1G). However, the increase
of lung-resident GATA3"ST2"FoxP3™ Th2 cells found in allergic mice
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was neither reverted by HD-extract-AlT nor by LD-allergoid-AIT
(Figure 1H). In contrast, the number of FoxP3*CD4" T cells, which
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FIGURE 1 Effects of HD-extract-AIT and LD-allergoid-AlT on experimental HDM-allergic airway inflammation. A, Schematic overview

of the experimental HDM AIT murine model based on alum-free i.n. sensitization and s.c. AlIT. Pipettes and syringes indicate time points

of allergen challenges and AIT injections, respectively. i.n, intranasal; s.c., subcutaneous. B, Total BAL cells (n = 7). C, Differential counts of
eosinophils, neutrophils, CD4" T cells, and CD8" T cells from the BAL (n = 7). D, Representative lung histology specimen, retrieved 3 days
after the last HDM challenge stained with periodic acid-Schiff. Arrows, inflammatory cell infiltrate; arrowheads, mucus hypersecretion. E,
Scores of inflammatory cell infiltrate and mucus hypersecretion in lung tissue 3 days after the last HDM challenge (n = 6). The scores were
analyzed by one-way analysis of variance with Tukey's multiple comparison test. Shown is the mean with SD. F, Levels of IL-5 and IL-4 in the
BAL (n = 7). G, Measurement of lung dynamic compliance (n = 6-12). *p <.05 **p <.01 HDM-allergic vs nonallergic; #p <.05 HDM-allergic vs
AIT HDM extract. Lung function parameters were analyzed by two-way analysis of variance with Tukey's multiple comparison test. Shown

is the mean with SEM. H, Analysis of lung-resident lymphocyte populations (n = 7) and IFN-y-producing T cells (n = 5-12). In all violin plots,
solid and dashed bars indicate the median and quartiles, respectively. Gaussian and non-Gaussian distributed results were analyzed by

*

unpaired t test or Mann-Whitney test, respectively. p-values of <.05, .01, <.001, and <.0001 are shown as *, **, *** and **** respectively.

AIT, allergen-specific immunotherapy; BAL, bronchoalveolar lavage; HDM, house dust mite

cells was significantly decreased in HDM-allergic mice compared
with nonallergic mice. A trend toward reversion of this effect could
be achieved by both AIT strategies (Figure 1H).

The levels of secreted Th2-type cytokines IL-4, IL-5, IL-9, and
IL-13 were significantly increased in the supernatants of ex vivo
anti-CD3/anti-CD28-restimulated lung lymphocytes from allergic
mice (Figure 2A). Overall, all four cytokines were downregulated
by HD-extract-AlIT (not significant for IL-9) and LD-allergoid-AlIT
(not significant for IL-13). Moreover, both AIT regimens signifi-
cantly reduced the elevated IL-10 levels found in HDM-allergic
group (Figure 2A). The levels of cytokines identifying Th17 and
Th1 activities (IL-17A/F, IL-22, TNF-a, IFN-y) were unchanged in
both treatment groups (Figure S2C). Also, in the supernatants of
restimulated cervical lymph node cells, IL-5 and IL-13 levels were
significantly reduced in both AIT groups (Figure 2B). HD-extract-
AIT induced slightly, but not significantly, higher levels of IL-4 and
slightly lower levels of IL-9 compared to allergic and LD-allergoid-
AlT-treated mice. Again, IL-10 secretion was lower in both AIT
groups (only significant in the LD-allergoid-AIT group; HD-extract
AIT group p = .053) (Figure 2B). Furthermore, both AIT strate-
gies reduced the levels of IL-17A, IL-17F, IL-22, TNF-a, and IFN-y
(IFN-y only significant for LD-allergoid-AlT). Th2-type cytokines
were also reduced in the supernatants of restimulated splenocytes
following AIT, but its effects were less pronounced. The levels of
IL-17A, IL-17F, IL-22, and TNF-a were comparable in all groups of
mice (Figure S2D).

HD-extract-AlIT and LD-allergoid-AlIT had no influence on
the elevated total Der p-specific IgE (sIgE) serum levels of HDM-
allergic mice, whereas total IgE (tIgE) levels were significantly lower
in LD-allergoid-AIT compared with HD-extract-AlT-treated mice
(Figure 3A). While HD-extract-AlIT induced high levels of total IgG1
(tlgG1), LD-allergoid-AIT failed to induce tlgG1. In contrast, both
therapies led to an induction of Der p-specific IgG1 (slgG1) levels,
although changes were only significant in the HD-extract-AlT group
(Figure 3B). In addition, Der f-sIgE and Der f-slgG1 antibodies were
detectable in a comparable manner (Figure S3). Moreover, total
1gG2c levels were slightly decreased in both AIT groups and total
1gG2b levels in the LD-allergoid-AlT group while total 1gG3 levels
were not affected (Figure S2E).

3.2 | Effects of MCT and MPL on experimental
low-dose HDM allergoid AIT

To examine the effects of the adjuvants MCT and MPL on LD-
allergoid-AlIT, mice received AIT with HDM allergoid alone, HDM al-
lergoid combined withMCT (HDM allergoid + MCT),or HDM allergoid
combined with MCT and 50 ug MPL (HDM allergoid + MCT + MPL).

All three AIT regimens had comparable effects on the reduc-
tion of total BAL cells (Figure 4A), and BAL eosinophils, neutrophils,
CD4" and CD8" T cells, and B2 cells (Figure 4A and Figure S4A).
Additionally, all three treatment strategies comparably reduced
peribronchiolar and perivascular inflammatory infiltration and
mucus hypersecretion (Figure 4B and Figure S4B). While IL-5 levels
in the BAL were highly reduced in all treatment groups compared
to allergic mice, the levels of IL-4 and TNF-a were only significantly
reduced in mice treated with allergoid alone or with the combination
of allergoid + MCT + MPL (Figure S4C). All AIT groups showed im-
proved lung dynamic compliance compared with HDM-allergic mice,
although a significant effect was achieved only in the HDM aller-
goid + MCT + MPL group (Figure 4C).

While LD-allergoid-AIT alone had only a minor effect on the
number of lung-resident GATA3"ST2"FoxP3~ Th2 cells, these cells
were significantly reduced in mice treated with allergoid + MCT
or allergoid + MCT + MPL (Figure 4D). The addition of MPL to the
formulation showed no additional effect to the one of MCT. Lung-
resident FoxP3"CD4" T cells were equally reduced in all treatment
groups (Figure 4D). While not effectively restored by HD-extract-
AIT or LD-allergoid-AlIT alone (Figure 1H), the addition of MCT and
MCT + MPL to the LD-allergoid-AlT formulation gradually increased
the frequency of IFN-y-positive lung CD4" T cells compared to
HDM-allergic mice (Figure 4D).

Total IgE and Der p-slgE levels were not affected by any of the
treatment regimens (Figure 4E). While LD-allergoid-AlT alone was
not able to induce a significant tIgG1 response, the addition of MCT
as well as of MCT + MPL to the formulation iteratively increased
tlgG1 levels significantly. Although Der p-sigG1 levels were ele-
vated in all three treatment groups, changes were only significant
in the AIT allergoid + MCT and AIT allergoid + MCT + MPL groups.
Here, no additional effect of MPL was visible (Figure 4E). While total
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FIGURE 2 Effects of HD-extract-AIT and LD-allergoid-AlT on cytokine release from lung-resident lymphocytes and lymph node cells in
experimental HDM allergy. A, Cytokine release from lung-resident lymphocytes after anti-CD3/anti-CD28-restimulation in vitro (n = 5-12).
B, Analysis of cytokine levels in culture supernatants of cervical lymph node cells after anti-CD3/anti-CD28-restimulation in vitro (n = 7).
Solid and dashed bars indicate the median and quartiles, respectively. Gaussian and non-Gaussian distributed results were analyzed by
unpaired t test or Mann-Whitney test, respectively. p-values of <.05, <.01, and <.001 are shown as *, **, and ***, respectively. AlT, allergen-

specific immunotherapy; HDM, house dust mite

1gG2b levels were gradually increased by MCT and MCT + MPL,
total IgG2c levels were comparable in all three treatment groups and
lower compared to allergic controls (Figure S4D). Analysis of tlgG3
antibodies revealed a significant induction by the addition of MPL to
the formulation (Figure 4E).

All three AIT strategies significantly decreased ex vivo secretion
of IL-4, IL-5, and IL-10 of anti-CD3/anti-CD28-restimulated lung lym-
phocytes. Significant reduction of IL-13 secretion was only achieved
by adding MCT or MCT + MPL to the formulation. While AIT with
HDM allergoid and HDM allergoid + MCT also significantly reduced
IL-9 secretion, this effect was reversed by the addition of MPL to
the formulation (Figure 4F). Compared to allergic mice, the level
of IL-13 in supernatants of restimulated lymph node cells was sig-
nificantly reduced in all treatment groups. IL-5 levels were signifi-
cantly lower in the allergoid alone and allergoid + MCT groups and
IL-9 levels in the allergoid + MCT group. IL-10 levels were lower in
all treatment groups (only significant in the allergoid alone group)
while IL-4 levels were unchanged compared to allergic controls.

All treatment regimens had comparable effects on the reduction
of secreted IL-17A, IL-17F, IL-22, and TNF-a from lymph node cells
(Figure 4G), while these cytokines were detectable at equal levels
in supernatants of restimulated lung lymphocytes and splenocytes
from all groups of mice (Figure S4E,F). The reduced IFN-y produc-
tion, observed in LD-allergoid-AlT—compared to HD-extract-AlT-
treated mice (Figure 2B), was reverted by the addition of MCT to the
AIT formulation with no additional effect of MPL (Figure 4G). Again,
the effects of all AIT strategies on Th2-type cytokine secretion from

restimulated splenocytes were less pronounced (Figure S4F).

3.3 | Dose-dependent effects of MPL on
experimental low-dose HDM allergoid AIT

As not only the allergen, but also the adjuvant dose may have cru-
cial influence on the anti-inflammatory capacity of AIT formulations,
the effects of MPL dosage on AIT outcome were addressed. Mice
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received LD-allergoid-AIT + MCT combined with 12.5 pg, 25 ug,
50 pg, or 100 ug MPL per AIT dose. AIT with 12.5 pg, 25 ug, and 50 pug
MPL resulted in a significant decrease of total BAL cells, although
less pronounced in mice treated with 12.5 ug MPL. This beneficial
effect of AIT was nearly completely reversed applying 100 ug MPL
(Figure 5A). Comparably, a significant reduction of BAL eosinophils
could only be achieved using the 25 ug or 50 ug MPL dose (Figure 5A).

The beneficial effects of adding MCT + MPL to the AIT formula-
tion on the reduction of lung-resident GATA3*ST2"FoxP3™ Th2 cells
(Figure 4D) were nearly completely reversed using 12.5 ug or 100 pg
MPL, while the MPL dose showed no effects on the number FoxP3*
Th cells (Figure 5B).

While tIgE and Der p-slgE levels slightly increased by using lower
MPL concentrations (12.5 pg and 25 ug) compared to allergic mice,
this effect was reversed applying the two higher concentrations.
Most importantly, the use of 25 ug and 50 ug MPL in the formulation
worked best for the induction of tlgG1 and Der p-slgG1 (Figure 5C).

The most prominent effects on the reduction of IL-4, IL-5, IL-9, IL-
13, and IL-10 levels in supernatants of ex vivo anti-CD3/anti-CD28-
restimulated lung lymphocytes were also achieved by using 25 pg
or 50 pg in the AIT formulation, while the effects on cytokine levels
identifying Th17 and Th1 activities were less pronounced (Figure 5D
and Figure S5A). The same concentrations worked best in dampen-
ing IL-4, IL-5, IL-9, IL-13, IL-10, and IL-17A secretion by restimulated
cervical lymph node cells (Figure 5E and Figure S5B).

4 | DISCUSSION

The current study demonstrates that a 220-fold reduced allergen
dose in experimental HDM AIT is comparably effective in controlling
allergic inflammation when HDM allergoids are applied instead of
extracts. Furthermore, adjuvants MCT2% and MPL?*?7 are shown
to modulate humoral responses exceeding the LD-allergoid-AIT
effects.

In humans, local allergy-driven and protective AIT mechanisms in
the airways and in lymphoid organs are hard to address. Commonly
used murine HDM AIT models are based on i.p. sensitization com-
bining the allergen with the adjuvant alum.??24282? To avoid broad

3031 in this study, a

unspecific alum-mediated immune activation,
novel experimental HDM AIT of murine allergic asthma combining
i.n. sensitization and s.c. AIT was established. This model resembles
in many aspects human allergic inflammation.3?*” Typical eosino-
philic and Th2 cell infiltration into the lung, decreased lung dynamic
compliance, mucus hypersecretion, tIgk, and slgE induction as well
as elevated Th2-type cytokine secretion by lung-resident lympho-
cytes, lymph node cells, and splenocytes was observed. Similar to
human AIT, slgG antibodies are induced while slIgE levels do not
immediately decrease.!1338 |n contrast to human AIT, in murine
AIT models based on alum-dependent i.p. sensitization, the sIgE re-
sponse is nearly completely lost during treatment.%’

This new model allowed the direct comparison of LD-allergoid-
AIT with a 220-fold higher HD-extract-AIT regarding efficacy and
immunological mechanisms. Allergoids have the potential to improve
the safety profile of AIT as they are characterized by reduced IgE-
binding capacity but retained immunogenit:ity.lS’40 Interestingly,
here, s.c. LD-allergoid-AlT (1 ug HDM allergoids) revealed control of
allergic inflammation comparable to HD-extract-AIT (220 ug HDM
extract) while AIT with 1 ug HDM extract even increased inflamma-
tion. Earlier studies showed that high allergen doses induce elevated
amounts of specific CD8" T cells*! and Th1 cells in lungs, while low
allergen dosage induces Th2 cells and pro-inflammatory mechanisms
such as immune cell infiltration.*?*® The demonstrated comparable
control of inflammation of LD-allergoid-AlT and HD-extract-AlIT
might be explained by the destruction of conformational IgE epi-
topes. The associated FceR-mediated uptake of allergoids may be
impaired resulting in a decreased Th2 inflammation-promoting
immune milieu, while immunogenicity is maintained.>>7444 | D-
allergoid-AIT and HD-extract-AlIT demonstrated similar capacity to
protect against infiltration of pro-inflammatory cells into the lung.
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FIGURE 4 Effects of the adjuvants MCT and MPL on LD-allergoid-AIT in experimental HDM allergy. A, Total BAL cells and differential
eosinophil counts (n = 7). B, Scores of inflammatory cell infiltrate and mucus hypersecretion in lung tissue 3 days after the last HDM
challenge (n = 6). The scores were analyzed by one-way analysis of variance with Tukey's multiple comparison test. Shown is the mean with
SD. C, Measurement of lung dynamic compliance (n = 6-12). *p <.05 HDM-allergic vs AIT allergoid + MCT + MPL. Lung function parameters
were analyzed by two-way analysis of variance with Tukey's multiple comparison test. Shown is the mean with SEM. D, Analysis of lung-
resident lymphocyte populations (n = 7) and IFN-y-producing T cells (n = 5-12). E, Measurements of immunoglobulins in serum samples at
endpoint (n = 7). F, Analysis of cytokine release from lung-resident lymphocytes after anti-CD3/anti-CD28-restimulation in vitro (n = 5-12).
G, Analysis of cytokine levels in culture supernatants of cervical lymph node cells after anti-CD3/anti-CD28-restimulation in vitro (n = 7). In
all violin plots, solid and dashed bars indicate the median and quartiles, respectively. Gaussian and non-Gaussian distributed results were
analyzed by unpaired t test or Mann-Whitney test, respectively. p-values of <.05, <.01, <.001, and <.0001 are shown as *, **, ***, and ****,
respectively. AlT, allergen-specific immunotherapy; BAL, bronchoalveolar lavage; HDM, house dust mite; MCT, microcrystalline tyrosine;

MPL, monophosphoryl lipid A

Furthermore, both treatments restored lung dynamic compliance
although HD-extract-AlT was slightly more effective. AIT-mediated
control of Th2 cytokines was observed in the BAL as well as in lung
lymphocytes, cervical lymph node cells, and to some degree in sple-
nocytes. This reduced Th2-promoting milieu at local and systemic
sites has previously been hypothesized to be beneficial for immuno-
logical tolerance induction.!? Additionally, the AIT-mediated reduc-
tion of 1L-17* and TNF-o was previously described to control the
recruitment of eosinophils, neutrophils, and T cells into the Iung.48
A difference between the two treatment strategies was the strongly
reduced IFN-y production by LD-allergoid-AlT. This difference may
originate from higher amounts of TLR ligands contained in the HD-
extract-AIT. Although also allergen-specific restimulation experi-
ments might have provided additional mechanistic insights, in this
study, unspecific restimulation was chosen to be able to monitor not
only allergen-specific but also bystander and unspecific effects of
the different AIT strategies and adjuvants on the cytokine-producing
capacity of the addressed immune cells.

The observed decline of FoxP3*CD4" T cells in lung tissue as well
as the reduced IL-10 secretion by lung lymphocytes and lymph node
cells is likely to be a result of the migratory behavior of the cells and,
therefore, reflects the inflammatory process rather than the mecha-
nism of tolerance induction.?®4%% Increased numbers of Tregs were
also observed in asthmatic patients in a phase of active inflammation
indicating that rather the quality than the quantity of Tregs is deci-
sive for the anti-inflammatory capacity.51 Moreover, it was reported
that IL-10 is critical for antigen-specific Th2 responses in mice.”®

Although prior studies have questioned the efficacy of allergoids
due to the modification process,® this study demonstrates signifi-
cant effectiveness even at low dose accessing a wide set of biomark-
ers. Of course, future human studies are needed to confirm these
findings. Notably, according to guidelines of the European Academy
of Allergy and Clinical Immunology (EAACI), both modified and un-
modified allergen extracts are recommended for subcutaneous AIT
of allergic rhinoconjunctivitis for short-term benefit.>? Furthermore,
subgroup analyses comparing the combined symptom and medica-
tion score (short term) for AIT with modified and unmodified aller-
gen extracts in the context of allergic rhinoconjunctivitis found a
clear benefit from allergoids and suggest (but not confirm) a benefit

from unmodified preparations.”®

In contrast to comparable type-2 cellular response to LD-
allergoid-AIT and HD-extract-AlT, major differences were observed
on humoral level in this study. HD-extract-AlT neither influenced
tIgE nor sIgE levels, whereas LD-allergoid-AlT reduced tIgE but not
sIgE levels. Reasons for lower tIgE induction properties of HDM
allergoids might be the loss of conformational IgE epitopes, re-
duced amounts of mite body components like chitin and other IgE-
inducing factors or serine protease activity.36'54 Even more striking,
HD-extract-AlT led to a robust slgG1 and tlgG1 response whereas
LD-allergoid-AlT led to a slightly lower increase of slgG1 and no
alteration of tlgG1 levels. Murine IgG1 is supposed to be the struc-
tural and functional homologue of human IgG4. Like human I1gG4, it
does not interact with C1q and inhibits the binding of 1gG2a, IgG2b,
and 1gG3 to Clqg and, hence, suppresses complement activation.
Furthermore, both murine IgG1 and human IgG4 show limited
specificity and affinity to activating FcyRs and preferably interact
with the classical IgG inhibitory receptor FcyRIIb.>® In human HDM
AIT, induction of slgG4 is a hallmark of successful AIT, because of
its potentially protective role.>® Hence, the lack of robust tlgG1l
immune responses might reflect suboptimal B-cell activation of
LD-allergoid-AlIT.

The observed potential B-cell activation deficit may be compen-
sated by higher allergoid doses or adjuvants. Hence, the immuno-
logical effects of the adjuvants MCT and MPL on LD-allergoid-AlT
were addressed. In addition to the effects of the well-established
depot adjuvant MCT*>? alone the synergistic effects of the ad-
juvant system combining MCT with MPL were of interest as such
adjuvant systems are already in clinically approved.*® The ad-
sorption of allergoids and MPL to MCT has been previously char-
acterized.? The current study revealed that allergoid + MCT and
allergoid + MCT + MPL AIT formulations showed similar effects on
the reduction of BAL cell infiltration compared to LD-allergoid-AIT
alone. However, the allergoid + MCT + MPL formulation was slightly
more effective in restoring lung dynamic compliance. In contrast to
allergoid alone, adding MCT to the formulation led to significant re-
duction of the percentage of lung-resident Th2 cells, whereas MPL
showed no additional effect. Strikingly, LD-allergoid-AlT treatment
combined with MCT and MCT + MPL led to a gradual increase of
the number of IFN-y-producing lymphocytes of the lower airways

as well as to higher levels of IFN-y secretion by cervial lymph node
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FIGURE 5 Dose-dependent effects of increasing MPL concentrations on LD-allergoid-AlT in experimental HDM allergy. A, Total
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immunoglobulins in serum samples of mice at endpoint (n = 8). D, Analysis of cytokine release from lung-resident lymphocytes after anti-
CD3/anti-CD28-restimulation in vitro (n = 8). E, Analysis of cytokine levels in culture supernatants of cervical lymph node cells after anti-
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immunotherapy; BAL, bronchoalveolar lavage; HDM, house dust mite; MCT, microcrystalline tyrosine; MPL, monophosphoryl lipid A

cells. In fact, previous murine studies showed that MCT triggers
Th1-associated immune response mechanisms more efficiently than
alum, by modulating the recruitment of DCs, CD8" as well as CD4" T
cells accompanied with IFN-y and TNF-«a production.*® Furthermore,
MPL significantly increases IFN-y production of in vitro restimulated

peripheral blood mononuclear cells in context of grass pollen allergy,

postulating the induction of Th1l-promoting mechanisms as a protec-
tion for allergy.?”

Importantly, combining LD-allergoid-AIT formulation with MCT
and MCT + MPL also enhanced the humoral response and gradu-
ally increased tlgG1 and tlgG2b levels. Moreover, both adjuvant-
based therapies equally increased slgG1 levels. These effects on
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IgG production rely on the adjuvant-induced Thi1-biased immune mi-
lieu.*®>7 Significant levels of tigG3 were only induced by MPL. This is
in line with a study showing that LPS is able to induce B-cell switch-
ing to IgG3 via TLR4 signaling.58 Importantly and in contrast to alum-
based adjuvants, MCT and MPL showed no IgE-inducing properties,
as demonstrated previously.’®> Taken together, these findings
demonstrate that adding the adjuvant MCT alone, or in combination
with MPL to the AIT formulation has the potential to promote Th1-
inducing mechanisms and robust B-cell activation of LD-allergoid-
AIT counterbalancing the allergic Th2 immune response.

Not only the allergen, but also the adjuvant dose may have
crucial influence on the anti-inflammatory capacity of AIT formu-
lations.?®¢ Hence, the effects of different MPL concentrations
on the efficacy of LD-allergoid-AIT were addressed. The doses
of 25 ug and 50 ug were most effective in reducing Th2 and eo-
sinophilic infiltration and Th2-cytokine production as well as in
inducing tlgG1 and slgG1 responses. Most of these effects were
almost completely reversed by using the 100 ug dose. While the
12.5 pg dose seems to be too low for effective adjuvant effects,
the 100 pg dose had rather adverse effects on AIT outcome.
These might be explained by altered TLR4 signaling mechanisms.
While MPL acts via TRAM/TRIF-biased stimulation of TLR4 along
with selective activation of p38 signaling followed by induction of
adaptive immune responses and TRIF-dependent endotoxin tol-
erance, LPS-mediated TLR4 stimulation causes MAL/MyD88, and
TRAM/TRIF-dependent signaling events, which are followed by
pro-inflammatory responses. Nevertheless, MPL is not completely
devoid of MyD88 involvement, which might explain the observed
dose-response effects.’® Of note, the 50 ug dose is also used in
vaccines for human use.?

In summary, this study provides a side-by-side comparison of
high-dose extract- and low-dose allergoid-based AIT and demon-
strates that low allergen doses can induce cellular and humoral
mechanisms counteracting Th2-driven inflammation by using aller-
goids and dose-adjusted adjuvants. Future therapeutic approaches
may use low-dose allergoid strategies to drive cellular tolerance and

adjuvants to modulate humoral, potentially protective responses.

CONFLICT OF INTEREST

This study was supported in part by a grant from Allergy
Therapeutics PLC to SB. Moreover, SB reports nonfinancial sup-
port from ALK-Abelld, grants and personal fees from Bencard
Allergie GmbH, personal fees from Teomed AG, grants and per-
sonal fees from Thermo Fisher Scientific, grants from Allergy
Therapeutics, and grants from LETI Pharma, outside the sub-
mitted work. AC reports grants and other from Allergopharma,
from ALK Abello, Bencard/Allergy Therapeutics, ASIT Biotech,
Lofarma, GSK, Novartis, LETI, Roche, Zeller, Sanofi Genzyme/
Regeneron, European Institute of Technology, AstraZeneca,
Immunotek, all outside the submitted work; in addition, AC has
a pending patent “A ratio of immune cells as prognostic indica-
tor of therapeutic success in allergen-specific immunotherapy: 17
177 681.8" licensed to none. JM, TLCV, MDH, MAS, and MFK are/

were employees of Allergy Therapeutics PLC/Bencard Allergie
GmbH, which supported this work. Further, Allergy Therapeutics
PLC is a manufacturer of allergen immunotherapy products. UMZ
reports grants from German Center for Lung Research (DZL),
grants from Helmholtz I1&l Initiative, and grants and personal fees
from German Research Foundation, outside the submitted work.
CBS-W reports personal fees from Bencard, and personal fees
from Allergopharma, outside the submitted work. The other au-

thors declare no competing interests.

AUTHOR CONTRIBUTIONS

AH performed experiments, analyzed data, and wrote the manu-
script. FA, DR, SH, and BS performed experiments, analyzed data,
and revised the final version of the manuscript. AC, MAS, and MFK
discussed the data and revised the final version of the manuscript;
JM, TLCV, and MDH prepared and characterized HDM extracts and
allergoids, discussed the data, and revised the final version of the
manuscript. UMZ discussed the data and wrote the manuscript;
CBS-W initiated and supervised the study, contributed to the inter-
pretation of data and wrote the manuscript. SB initiated and super-
vised the study, analyzed the data, created the figures, and wrote

the manuscript.

ORCID

Francesca Alessandrini "= https://orcid.org/0000-0002-9854-8968
Ulrich M. Zissler " https://orcid.org/0000-0003-4826-3419
Carsten B. Schmidt-Weber "= https://orcid.
org/0000-0002-3203-8084

Simon Blank "= https://orcid.org/0000-0002-5649-1078

REFERENCES

1. Noon L. Prophylactic inoculation against hay fever. Lancet
1911;177:1572-1573.

2. Pfaar O, Bachert C, Bufe A, et al. Guideline on allergen-specific
immunotherapy in IgE-mediated allergic diseases: S2k Guideline
of the German Society for Allergology and Clinical Immunology
(DGAKI), the Society for Pediatric Allergy and Environmental
Medicine (GPA), the Medical Association of German Allergologists
(AeDA), the Austrian Society for Allergy and Immunology (OGAI),
the Swiss Society for Allergy and Immunology (SGAI), the German
Society of Dermatology (DDG), the German Society of Oto-
Rhino-Laryngology, Head and Neck Surgery (DGHNO-KHC), the
German Society of Pediatrics and Adolescent Medicine (DGKJ), the
Society for Pediatric Pneumology (GPP), the German Respiratory
Society (DGP), the German Association of ENT Surgeons (BV-
HNO), the Professional Federation of Paediatricians and Youth
Doctors (BVKJ), the Federal Association of Pulmonologists (BDP)
and the German Dermatologists Association (BVDD). Allergo J Int.
2014;23(8):282-319.

3. Heydenreich B, Bellinghausen |, Lorenz S, et al. Reduced in vitro
T-cell responses induced by glutaraldehyde-modified allergen ex-
tracts are caused mainly by retarded internalization of dendritic
cells. Immunology. 2012;136(2):208-217.

4. Guzman-Fulgencio M, Caballero R, Lara B, et al. Safety of immuno-
therapy with glutaraldehyde modified allergen extracts in children
and adults. Allergol Immunopathol (Madr). 2017;45(2):198-207.

5. Dormann D, Ebner C, Jarman ER, Montermann E, Kraft D, Reske-
Kunz AB. Responses of human birch pollen allergen-reactive T


https://orcid.org/0000-0002-9854-8968
https://orcid.org/0000-0002-9854-8968
https://orcid.org/0000-0003-4826-3419
https://orcid.org/0000-0003-4826-3419
https://orcid.org/0000-0002-3203-8084
https://orcid.org/0000-0002-3203-8084
https://orcid.org/0000-0002-3203-8084
https://orcid.org/0000-0002-5649-1078
https://orcid.org/0000-0002-5649-1078

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

HELDNER ET AL.

cells to chemically modified allergens (allergoids). Clin Exp Allergy.
1998;28(11):1374-1383.

Kalinski P, Lebre MC, Kramer D, De Jong EC, Van Schijndel JW,
Kapsenberg ML. Analysis of the CD4+ T cell responses to house
dust mite allergoid. Allergy. 2003;58(7):648-656.

Lund L, Henmar H, Wurtzen PA, Lund G, Hjortskov N, Larsen JN.
Comparison of allergenicity and immunogenicity of an intact aller-
gen vaccine and commercially available allergoid products for birch
pollen immunotherapy. Clin Exp Allergy. 2007;37(4):564-571.
Wurtzen PA, Lund L, Lund G, Holm J, Millner A, Henmar H.
Chemical modification of birch allergen extract leads to a reduction
in allergenicity as well as immunogenicity. Int Arch Allergy Immunol.
2007;144(4):287-295.

Ring J, Gutermuth J. 100 vyears of hyposensitization: his-
tory of allergen-specific immunotherapy (ASIT). Allergy.
2011;66(6):713-724.

Gallego MT, Iraola V, Himly M, et al. Depigmented and polymerised
house dust mite allergoid: allergen content, induction of 1gG4 and
clinical response. Int Arch Allergy Immunol. 2010;153(1):61-69.
Feng M, Su Q, Lai X, et al. Functional and immunoreactive lev-
els of 1gG4 correlate with clinical responses during the main-
tenance phase of house dust mite immunotherapy. J Immunol.
2018;200(12):3897-3904.

Akdis M, Akdis CA. Mechanisms of allergen-specific immunother-
apy: multiple suppressor factors at work in immune tolerance to
allergens. J Allergy Clin Immunol. 2014;133(3):621-631.

Zissler UM, Jakwerth CA, Guerth FM, et al. Early IL-10 producing
B-cells and coinciding Th/Tr17 shifts during three year grass-pollen
AIT. EBioMedicine. 2018;36:475-488.

Jensen-Jarolim E, Bachmann MF, Bonini S, et al. State-of-the-art in
marketed adjuvants and formulations in Allergen Immunotherapy:
a position paper of the European Academy of Allergy and Clinical
Immunology (EAACI). Allergy. 2020;75(4):746-760.

Roger A, Depreux N, Jurgens Y, et al. A novel microcrystalline
tyrosine-adsorbed, mite-allergoid subcutaneous immunotherapy:
1-year follow-up report. Immunotherapy. 2016;8(10):1169-1174.
Leuthard DS, Duda A, Freiberger SN, et al. Microcrystalline tyro-
sine and aluminum as adjuvants in allergen-specific immunother-
apy protect from IgE-mediated reactivity in mouse models and
act independently of inflammasome and TLR signaling. J Immunol.
2018;200(9):3151-3159.

Casella CR, Mitchell TC. Putting endotoxin to work for us: mono-
phosphoryl lipid A as a safe and effective vaccine adjuvant. Cell Mol
Life Sci. 2008;65(20):3231-3240.

Cekic C, Casella CR, Eaves CA, Matsuzawa A, Ichijo H, Mitchell TC.
Selective activation of the p38 MAPK pathway by synthetic mono-
phosphoryl lipid A. J Biol Chem. 2009;284(46):31982-31991.
KoEJ,Lee YT, Kim KH, et al. Roles of aluminum hydroxide and mono-
phosphoryl lipid A adjuvants in overcoming CD4+ T cell deficiency
to induce isotype-switched IgG antibody responses and protection
by T-dependent influenza vaccine. J Immunol 2017;198(1):279-291.
Richards RL, Rao M, Wassef NM, Glenn GM, Rothwell SW, Alving
CR. Liposomes containing lipid A serve as an adjuvant for induction
of antibody and cytotoxic T-cell responses against RTS,S malaria
antigen. Infect Immun. 1998;66(6):2859-2865.

Agache |, Lau S, Akdis CA, et al. EAACI guidelines on allergen im-
munotherapy: house dust mite-driven allergic asthma. Allergy.
2019;74(5):855-873.

Hesse L, van leperen N, Habraken C, et al. Subcutaneous immuno-
therapy with purified Der p1 and 2 suppresses type 2 immunity in a
murine asthma model. Allergy. 2018;73(4):862-874.

Russkamp D, Aguilar-Pimentel A, Alessandrini F, et al. IL-4 receptor
alpha blockade prevents sensitization and alters acute and long-
lasting effects of allergen-specific immunotherapy of murine aller-
gic asthma. Allergy. 2019;74(8):1549-1560.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Hesse L, Nawijn MC. Subcutaneous and sublingual immuno-
therapy in a mouse model of allergic asthma. Methods Mol Biol.
2017;1559:137-168.

Heath MD, Mohsen MO, de Kam P-J, et al. Shaping modern vac-
cines: adjuvant systems using microcrystalline tyrosine (MCT®).
Front Immunol. 2020;11:594911.

Bell AJ, Heath MD, Hewings SJ, Skinner MA. The adsorption of
allergoids and 3-O-desacyl-4'-monophosphoryl lipid A (MPL(R)) to
microcrystalline tyrosine (MCT) in formulations for use in allergy
immunotherapy. J Inorg Biochem. 2015;152:147-153.

Puggioni F, Durham SR, Francis JN. Monophosphoryl lipid A (MPL)
promotes allergen-induced immune deviation in favour of Th1 re-
sponses. Allergy. 2005;60(5):678-684.

Yuan X, Wang J, Li Y, et al. Allergy immunotherapy restores airway
epithelial barrier dysfunction through suppressing IL-25 -induced
endoplasmic reticulum stress in asthma. Sci Rep. 2018;8(1):7950.
Wang J, Liu X, Wang H, et al. Allergen specific immunotherapy en-
hanced defense against bacteria via TGF-betal-induced CYP27B1
in asthma. Oncotarget. 2017;8(40):68681-68695.

Hogenesch H. Mechanism of immunopotentiation and safety of
aluminum adjuvants. Front Immunol. 2012;3:406.

Jensen-Jarolim E. Aluminium in allergies and allergen immunother-
apy. World Allergy Organ J. 2015;8(1):7.

Lemanske RF Jr, Busse WW. 6. Asthma. J Allergy Clin Immunol.
2003;111(2 Suppl):S502-519.

Busse WW, Lemanske RF Jr.
2001;344(5):350-362.

Jacquet A. The role of innate immunity activation in house dust
mite allergy. Trends Mol Med. 2011;17(10):604-611.

Gandhi VD, Davidson C, Asaduzzaman M, Nahirney D, Vliagoftis H.
House dust mite interactions with airway epithelium: role in allergic
airway inflammation. Curr Allergy Asthma Rep. 2013;13(3):262-270.
Gregory LG, Lloyd CM. Orchestrating house dust mite-associated
allergy in the lung. Trends Immunol. 2011;32(9):402-411.

Calderon MA, Linneberg A, Kleine-Tebbe J, et al. Respiratory al-
lergy caused by house dust mites: what do we really know? J Allergy
Clin Immunol. 2015;136(1):38-48.

Shamji MH, Durham SR. Mechanisms of allergen immunother-
apy for inhaled allergens and predictive biomarkers. J Allergy Clin
Immunol. 2017;140(6):1485-1498.

Aguilar-Pimentel A, Graessel A, Alessandrini F, et al. Improved ef-
ficacy of allergen-specific immunotherapy by JAK inhibition in a
murine model of allergic asthma. PLoS One 2017;12(6):e0178563.
Roger A, Depreux N, Jurgens Y, Heath MD, Garcia G, Skinner MA. A
novel and well tolerated mite allergoid subcutaneous immunother-
apy: evidence of clinical and immunologic efficacy. Immun Inflamm
Dis. 2014;2(2):92-98.

Aguilar-Pimentel JA, Alessandrini F, Huster KM, et al. Specific CD8
T cells in IgE-mediated allergy correlate with allergen dose and al-
lergic phenotype. Am J Respir Crit Care Med. 2010;181(1):7-16.
Morokata T, Ishikawa J, Yamada T. Antigen dose defines T
helper 1 and T helper 2 responses in the lungs of C57BL/6 and
BALB/c mice independently of splenic responses. Immunol Lett.
2000;72(2):119-126.

Sakai K, Yokoyama A, Kohno N, Hiwada K. Effect of different sensi-
tizing doses of antigen in a murine model of atopic asthma. Clin Exp
Immunol. 1999;118(1):9-15.

Casanovas M, Fernandez-Caldas E, Alamar R, Basomba A.
Comparative study of tolerance between unmodified and high doses
of chemically modified allergen vaccines of Dermatophagoides
pteronyssinus. Int Arch Allergy Immunol. 2005;137(3):211-218.
Baldrick P, Richardson D, Woroniecki SR, Lees B. Pollinex Quattro
Ragweed: safety evaluation of a new allergy vaccine adjuvanted
with monophosphoryl lipid A (MPL) for the treatment of ragweed
pollen allergy. J Appl Toxicol. 2007;27(4):399-409.

Asthma. N Engl J Med.



HELDNER ET AL.

46.

47.

48.

49.

50.

51.

52.

583.

54.

55.

Starchenka S, Bell AJ, Mwange J, Skinner MA, Heath MD. Molecular
fingerprinting of complex grass allergoids: size assessments reveal
new insights in epitope repertoires and functional capacities. World
Allergy Organ J. 2017;10(1):17.

Henmar H, Lund G, Lund L, Petersen A, Wurtzen PA. Allergenicity,
immunogenicity and dose-relationship of three intact allergen vac-
cines and four allergoid vaccines for subcutaneous grass pollen im-
munotherapy. Clin Exp Immunol. 2008;153(3):316-323.

Zhao J, Lloyd CM, Noble A. Th17 responses in chronic allergic
airway inflammation abrogate regulatory T-cell-mediated tol-
erance and contribute to airway remodeling. Mucosal Immunol.
2013;6(2):335-346.

Lee CG, Homer RJ, Cohn L, et al. Transgenic overexpression of
interleukin (IL)-10 in the lung causes mucus metaplasia, tissue
inflammation, and airway remodeling via IL-13-dependent and
-independent pathways. J Biol Chem. 2002;277(38):35466-35474.
Laouini D, Alenius H, Bryce P, Oettgen H, Tsitsikov E, Geha RS. IL-
10 is critical for Th2 responses in a murine model of allergic derma-
titis. J Clin Invest. 2003;112(7):1058-1066.

SmythLJ, Eustace A,Kolsum U, Blaikely J, Singh D. Increasedairway T
regulatory cells in asthmatic subjects. Chest. 2010;138(4):905-912.
Roberts G, Pfaar O, Akdis CA, et al. EAACI guidelines on al-
lergen immunotherapy: allergic rhinoconjunctivitis. Allergy.
2018;73(4):765-798.

Dhami S, Nurmatov U, Arasi S, et al. Allergen immunotherapy for
allergic rhinoconjunctivitis: a systematic review and meta-analysis.
Allergy. 2017;72(11):1597-1631.

Post S, Heijink IH, Petersen AH, de Bruin HG, van Oosterhout
AJ, Nawijn MC. Protease-activated receptor-2 activation contrib-
utes to house dust mite-induced IgE responses in mice. PLoS One.
2014;9(3):e91206.

Lilienthal GM, Rahmoller J, Petry J, Bartsch YC, Leliavski A, Ehlers
M. Potential of murine 1gG1 and human IgG4 to inhibit the classi-
cal complement and Fcgamma receptor activation pathways. Front
Immunol. 2018;9:958.

56.

57.

58.

59.

60.

61.

Feng M, Zeng X, Su Q, et al. Allergen immunotherapy-induced im-
munoglobulin G4 reduces basophil activation in house dust mite-
allergic asthma patients. Front Cell Dev Biol. 2020;8:30.

Wheeler AW, Marshall JS, Ulrich JT. A Th1-inducing adjuvant, MPL,
enhances antibody profiles in experimental animals suggesting it
has the potential to improve the efficacy of allergy vaccines. Int
Arch Allergy Immunol. 2001;126(2):135-139.

Quintana FJ, Solomon A, Cohen IR, Nussbaum G. Induction of
1gG3 to LPS via Toll-like receptor 4 co-stimulation. PLoS One.
2008;3(10):e3509.

Wheeler AW, Moran DM, Robins BE, Driscoll A. I-Tyrosine
as an immunological adjuvant. Int Arch Allergy Appl Immunol.
1982;69(2):113-119.

Mold M, Shardlow E, Exley C. Insight into the cellular fate and tox-
icity of aluminium adjuvants used in clinically approved human vac-
cinations. Sci Rep. 2016;6:31578.

HogenEsch H, O'Hagan DT, Fox CB. Optimizing the utilization of
aluminum adjuvants in vaccines: you might just get what you want.
NPJ Vaccines. 2018;3:51.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Heldner A, Alessandrini F,
Russkamp D, et al. Immunological effects of adjuvanted
low-dose allergoid allergen-specific immunotherapy in
experimental murine house dust mite allergy. Allergy.
2021;00:1-13. https://doi.org/10.1111/all.15012



https://doi.org/10.1111/all.15012

