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Abstract

Background

Allergen-specific immunotherapy (AIT) is the only curative treatment for type-1 allergies, but
sometimes shows limited therapeutic response as well as local and systemic side effects.
Limited control of local inflammation and patient symptoms hampers its widespread use in
severe allergic asthma.

Objective

Our aim was to evaluate whether AIT is more effective in suppression of local inflammation
if performed under the umbrella of short-term non-specific immunomodulation using a small
molecule inhibitor of JAK pathways.

Methods

In C57BL/6J mice, a model of ovalbumin (OVA)-induced allergic airway inflammation and
allergen-specific immunotherapy was combined with the administration of Tofacitinib
(TOFA, a FDA-approved JAK inhibitor) from 48 hours prior to 48 hours after therapeutic
OVA-injection. The effect of TOFA on human FOXP3*CD4* T cells was studied in vitro.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178563 June 1, 2017

1/18


https://doi.org/10.1371/journal.pone.0178563
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178563&domain=pdf&date_stamp=2017-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178563&domain=pdf&date_stamp=2017-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178563&domain=pdf&date_stamp=2017-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178563&domain=pdf&date_stamp=2017-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178563&domain=pdf&date_stamp=2017-06-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178563&domain=pdf&date_stamp=2017-06-01
https://doi.org/10.1371/journal.pone.0178563
https://doi.org/10.1371/journal.pone.0178563
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

JAK inhibition during specific immunotherapy

Competing interests: The authors have declared
that no competing interests exist.

Results

AIT combined with short-term TOFA administration was significantly more effective in sup-
pressing total cell and eosinophil infiltration into the lung, local cytokine production including
IL-18 and CXCL1 and showed a trend for the reduction of IL-4, IL-13, TNF-a and IL-6 com-
pared to AIT alone. Furthermore, TOFA co-administration significantly reduced systemic IL-
6, IL-1B and OVA-specific IgE levels and induced IgG1 to the same extent as AIT alone.
Additionally, TOFA enhanced the induction of human FOXP3*CD4* T cells.

Conclusions

This proof of concept study shows that JAK inhibition did not inhibit tolerance induction, but
improved experimental AIT at the level of local inflammation. The improved control of local
inflammation might extend the use of AIT in more severe conditions such as polyallergy,
asthma and high-risk patients suffering from mastocytosis or anaphylaxis.

Introduction

Allergen-specific immunotherapy (AIT) is the only curative therapy for allergic diseases,
which is able to maintain its efficacy after discontinuation of treatment and which may signifi-
cantly reduce allergic symptoms [1-3]. However, the therapeutic allergen exposure initially
boosts allergic pathways, e.g. by increasing IgE secretion by B cells, success rates vary and
patient compliance is low due to long treatment regimens. Moreover, the indication of AIT is
mainly limited to allergic rhinitis and mild asthma, while this treatment is contra-indicated in
severe allergic asthma [4] and of limited help in polyallergic rhinitis patients and atopic eczema
[5]. Additionally, combining AIT with an anti-inflammatory therapy might facilitate the
reduction of side effects and the acceleration of the titration phase.

Therefore, it is highly desirable that curative success of up to 95% in selected indications
such as hymenoptera venom allergy [6] can also be translated into the tolerogenic vaccination
of difficult-to-treat allergies affecting the respiratory tract, eyes or gut. Furthermore, it is of
considerable interest to extend the application of AIT to atopic eczema and polyallergic
patients, where this treatment is less efficient, because the local inflammatory process is not
only causing side effects, but also impairs the induction of immune tolerance [7]. Hence, a vac-
cination-induced antigen presentation in the absence of inflammatory signals, induced by
short-term JAK-pathway inhibition of inflammation, might facilitate the induction of immu-
nological tolerance.

The mechanisms underlying the induction of allergen-specific immune tolerance are
incompletely understood. To date, the induction of allergen-specific IgG4 and a change of the
pro-allergic T cell phenotype are assumed to underlie long-lasting treatment benefits [8, 9].
Regulatory T cells (Tregs) were reported to be induced by AIT [10, 11] and may play a role in
suppressing pro-allergic Th2 cells [12]. It is currently unclear how the induction of regulatory
T cells can be facilitated in the context of antigen-specific vaccination. However, it appears
that allergic inflammation, specifically IL-4-mediated inhibition of the FOXP3 promoter [13],
can directly inhibit the induction of regulatory T cells. Similarly, other pro-inflammatory
mediators are counteracting Treg induction [14].

Consequently, the use of immunomodulating drugs may promote the induction of Tregs as
long as they do not block signals that are necessary for the differentiation of Tregs. While

PLOS ONE | https://doi.org/10.1371/journal.pone.0178563 June 1, 2017 2/18


https://doi.org/10.1371/journal.pone.0178563

@° PLOS | ONE

JAK inhibition during specific immunotherapy

Cyclosporine A inhibits the induction of Tregs [15] and Corticosteroids are only minimally
promoting Tregs [16, 17], it was shown that Janus kinase (JAK) inhibitors preserve the Treg
function [18]. JAKs are key players in cytokine-mediated activation of STATs (signal transduc-
ers and activators of transcription) and, therefore, of inflammatory processes [19]. The current
study assessed the impact of short-term application of the FDA-approved JAK inhibitor Tofa-
citinib (TOFA) [20] on therapy outcome in a murine model of OVA (chicken ovalbumin)-spe-
cific immunotherapy. Moreover, the effect of TOFA on FOXP3 expression in human T cells
was addressed. We hypothesized that the efficacy of AIT might be facilitated by the anti-
inflammatory effects of TOFA administration for short periods of 5 days during the up-dosing
phase, which are uncritical with respect to TOFA-mediated side effects [21].

Methods
Animals

Female C57BL/6] mice (Charles River, Sulzfeld, Germany) were housed under specific patho-
gen free conditions in GM500 cages, including individually ventilated caging systems (IVC
System Green Line, Tecniplast, Buguggiate, Italy), which are operated with positive pressure.
The mice are transferred to new cages with forceps in Laminar Flow Class II changing stations
weekly; they are fed with an irradiated standard rodent high energy breeding diet (Altromin
1314, Altromin Spezialfutter GmbH & Co. KG, Lippe, Germany) and have access ad libitum to
semi-demineralized filtered (0.2 mm) water. The light cycle is adjusted to a 12h/12h light/dark
cycle; room temperature is regulated to 22 +/- 1°C and relative humidity to 55 +/- 5%. Hus-
bandry conditions are adjusted to the experimental requirements in specified modules. Senti-
nels (outbred 8-week-old male SPF Swiss mice) are housed on a mixture (50:50) of new
bedding material and a mixture of soiled bedding from all cages of this IVC rack and their
health is monitored by on-site examination of certified laboratories according to the FELASA
recommendations (http://www.felasa.org). All animal experiments were carried out in accor-
dance with German legal guidelines and following the approval (approval number 55.2-1-54-
2532-30-14) of the responsible animal welfare authorities and the ethics board of the district
government of Upper Bavaria, Germany. Animals were monitored every day after in vivo
intervention, otherwise weekly. The facility follows a surveillance protocol, which indicates
early endpoints such as strong bodyweight loss, abnormal coat/behavior or issues related to
infections. If any of these clinical signs were reached prior to the experimental endpoint, the
animals were euthanized. Euthanasia was carried out by an overdose of Ketamin/Xylazine.
Within the presented experiments, none of the animals died prior to the experimental
endpoint.

Allergen sensitization and AIT model

For allergic sensitization, mice were treated twice by intraperitoneal injection of 10 pg OVA
(chicken ovalbumin; Sigma-Aldrich, Taufkirchen, Germany) and 0.5 mg aluminum hydroxide
(imject@‘ Alum; 40 mg magnesium/40 mg alum per mL; Thermo Fischer Scientific, Waltham,
MA USA) in 200 pul phosphate buffered saline (PBS) at day (D)-1 and D-7 as previously
described [22, 23]. Subsequently, mice were challenged by inhalative exposure to OVA aerosol
(1% in PBS) for 10 min once a day at D-49, 52 and 55. 24 h after the last challenge, blood sam-
ples were collected by puncturing the retro-orbital plexus (Li-heparin-coated tubes, KADE,
Niimbrecht, Germany) under isoflurane anesthesia [22-24]. Blood samples were centrifuged
(10 min, 5000 x g, 4°C) to separate cells and plasma. Animals were sacrificed to obtain bronch-
oalveolar lavage (BAL) samples as previously described [25].
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For allergen-specific-immunotherapy (AIT), animals were treated by subcutaneous injec-
tion of 1 mg OVA at D-22, and 0.5 mg OVA at D-29. For treatment with Tofacitinib (TOFA),
(Tofacitinib citrate; CP-690550; Selleckchem-Biozol Diagnostica Vertrieb GmbH, Eching,
Germany, dissolved to 50 mg/ml in sterile DMSO) two doses per day were administered on D-
20 to D-24, and D-27 to D-31 by oral gavage feeding (10.8 mg/kg in 200 pl water).

Controls and treatment protocol

Within one experimental setup, statistically calculated to reach highly significant results, we
treated and analyzed the following groups (n = 9-14) of mice:

Non-allergic: non-sensitized mice, exposed to OV A-aerosol only.

Allergic: mice sensitized with OV A and exposed to OV A-aerosol (challenge).

Allergic-AIT: mice sensitized with OVA, treated with OVA-AIT and challenged with OVA
aerosol.

Allergic-AIT + TOFA: mice sensitized with OV A, treated with OVA-AIT with concomitant
gastric TOFA feeding and subsequent exposure to OV A-aerosol (Fig 1).

Allergic + TOFA: mice sensitized with OV, treated with gastric TOFA feeding and subse-
quent exposure to OVA-aerosol.

OV A-aerosol
Non-allergic >
0 ! 2 3 4 5 6 7 8  Weeks
x
OVA-aerosol
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\ *
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+ read-out: Bronchoalveolar lavage and collection of blood samples

Fig 1. Schematic overview about the different in vivo treatment schemes (sensitization, AIT, TOFA
administration, challenge). The treatment of four experimental groups of mice (n = 9—14) is shown. AIT,
allergen-specific immunotherapy; i.p, intraperitoneal; s.c., subcutaneous.

https://doi.org/10.1371/journal.pone.0178563.g001
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Measurement of antibodies in plasma

For the determination of total IgE levels, plasma samples and standards (mouse IgE clone
C38-2; BD Pharmingen, Heidelberg, Germany) were transferred to microtiter plates, coated
with 10 pg/mL monoclonal rat anti-mouse-IgE (IgG, clone-PC 284; The Binding Site, Schwet-
zingen, Germany). For OV A-specific IgE measurement, plasma samples and standards
(mouse IgE anti-Ovalbumin clone: 2C6; Biozol, Eching, Germany) were transferred to micro-
titer plates coated with 2 pg/mL of OVA (chicken ovalbumin, Sigma, Germany). As secondary
antibody, 2.5 ug/mL of biotinylated monoclonal rat anti-mouse IgE (clone R35-118; BD Phar-
mingen) were used, followed by incubation with BD OptEIA Reagent Set B (BD Pharmingen).
Signal intensities were measured at 450 nm. The determination of further immunoglobulin
isotype levels was performed with a combined electrochemiluminescence multiplexed assay
system (Meso Scale Discovery, MSD, Rockville, MD USA).

Measurement of cells in BAL fluid

Flow cytometry of BAL cells was performed by using the following monoclonal antibodies:
anti-CD8a-AlexaFlour750 (clone 5H10, Thermo Fisher Scientific; AB_10374588), anti-Ly6c-
FITC (clone AL-21, BD Biosciences, San Jose, CA USA; AB_394628), anti-CD4-PerCP-Cy5.5
(clone RM 4-5, BD Biosciences; AB_393977), anti-CD62L-PE-Cy7 (clone MEL-14,
eBioscience, affymetrix, Frankfurt am Main, Germany; AB_469632), anti-CD3-eFlour450
(clone 17A2, eBiosciene; AB_1272229), anti-CD25-APC (clone PC61, BD Biosciences;
AB_398623), anti-Gr1-PacificOrange (clone Rb6-8C5, Thermo Fisher Scientific;
AB_2556571), anti-CD19-PE-Cy7 (clone 1D3, BD Biosciences; AB_10894021), anti-CD11b-
APC-Cy7 (clone M1/70; BD Biosciences; AB_396772), anti-CD11c-FITC (clone HL 3, BD Bio-
sciences; AB_395060), anti-CD45-AlexaFlour700 (clone 30-F11, BioLegend, San Diego, CA
USA; AB_493714), anti-F4/80-APC (clone BMS, eBioscience; AB_469451) and anti-MHC-II
(I-A/I-E)-PerCP-Cy5.5 (clone M5/114.15.2, BioLegend; AB_2191072) [23]. Data were
acquired using a LSRII flow cytometer (BD Bioscience) and further analyzed with FACSDiva
software (BD Biosciences) and FlowJo V.7.2.2 (Tree star, Ashland, USA). The gating strategy is
displayed in S1 Fig.

Histological analysis of the lung

After BAL, the lungs were removed and snap frozen in liquid nitrogen. For histological analy-
sis, lungs were post-fixed in 4% buffered formaldehyde solution, dehydrated and embedded in
paraffin. Four um sections were stained with hematoxylin-eosin and periodic acid-Schiff
(PAS).

Cytokine measurements

Pro-inflammatory cytokines from BAL and plasma were analyzed by an electrochemilumines-
cence multiplex assay (Meso Scale Discovery, MSD). IL-13 and IL-17 were measured using the
kits Mouse IL-13 CytoSet (Thermo Fisher Scientific) and Mouse IL-17A ELISA Max (BioLe-
gend) according to manufacturer’s recommendations.

Statistical analyses

Gaussian distribution was tested by D’Agostino & Pearson omnibus normality test. Gaussian
and non-Gaussian distributed results were further analyzed by unpaired t test or Mann Whit-
ney test, respectively (GraphPad Prism, San Diego, CA, USA). P-values of >0.05, <0.05,
<0.01, <0.001 and <0.0001 are shown as ns, *, **, ***, and, ****, respectively.
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Human blood donors

For the T cell differentiation assay, naive T cells were isolated from the blood of 3 healthy
donors (2 female, 1 male). The study was approved by the local ethics committee of the Tech-
nical University Munich, ethics board no 2877/10, and all individuals gave informed written
consent.

Differentiation of human naive CD4* T cells into FOXP3*CD4* T cells

Human peripheral blood mononuclear cells were isolated from heparinized whole blood by
standard density gradient centrifugation (Lymphoprep, Axis Shield, Oslo, Norway). Naive
CD4™" T cells were isolated using the Naive CD4" T cell Kit II (Miltenyi Biotec, Bergisch Glad-
bach, Germany) and by additional depletion of CD45RO" cells (CD45RO microbeads, Milte-
nyi Biotec). Cells were cultured in RPMI 1640 (Thermo Fisher Scientific) complete (10% FCS,
Biochrom, Merck, Berlin, Germany; 2mM L-glutamine, 100 U/mL Penicillin/Streptomycin,
Thermo Fisher Scientific) in 24-well plates at a concentration of 1x10° cells/mL at 37°C. After
isolation, cells were stimulated with plate-bound anti-CD3 (10 pg/mL; clone UCHT1, mono-
clonal, BD Biosciences; AB_395736) and 2 pg/mL anti-CD28 (clone CD28.2, monoclonal, BD
Biosciences, 2 pg/mL; AB_396068) in solution and cultured for five days. To induce FOXP3
expression, the culture medium was supplemented with 50 U/mL rIL-2 (Novartis, Niirnberg,
Germany) and 5 ng/mL TGF-B1 (Promokine). Beneath this control, cells were cultured in the
presence of different concentrations of TOFA, Rapamycin (Sigma-Aldrich) and Cyclosporine
A (Sigma-Aldrich). After three days of culture, half of the medium was removed and replaced
by fresh RPMI 1640 complete, supplemented with the same doses of cytokines and agents as at
day 0.

After five days of culture, the cells were washed with ice-cold PBS and stained with LIVE/
DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. Moreover the cells were stained 1:300 with anti-CD4-Alexa Flour700 (clone
RPA-T4, monoclonal, BioLegend; AB_493743) and 1:100 with anti-FOXP3-eFlour450 (clone
PCH101, monoclonal, eBioscience; AB_1834365) by using the FOXP3/Transcription Factor
Staining Buffer Set (eBioscience, affymetrix) according to manufacturer’s protocol. The acqui-
sition of cells was performed with BD FACSDIVA 7.0 on a BD LSR Fortessa (BD Biosciences).
Data were analyzed with the software FlowJo (Tree Star, Ashland, OR), the lymphocyte popu-
lation was gated on CD4" cells and dead cells were excluded from the analysis.

Results
Effect of AIT and JAK inhibition on lung cell infiltration

Sensitization and challenge with OV A (Fig 1) resulted in a massive cell infiltrate (median
31-fold compared to the non-allergic/OVA-challenged mice) in the BAL fluid, which was
dominated by eosinophils (1279-fold) (Fig 2). AIT ameliorated OVA-induced total BAL cell
infiltration in allergic-AIT mice by 87% compared to allergic mice. The combination treat-
ment with AIT and TOFA led to further significant suppression of the BAL infiltrate to 93%
(Fig 2A).

Moreover, AIT improved OVA-induced eosinophil BAL cell infiltration to 63% (median)
compared to 81% in allergic mice. An additional significant reduction of eosinophil infiltration
to approximately 48% was achieved by co-administration of TOFA (Fig 2B). This reduction
was accompanied by a significant relative increase of macrophages, neutrophils and

lymphocytes.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178563 June 1, 2017 6/18


https://doi.org/10.1371/journal.pone.0178563

o @
@ : PLOS | ONE JAK inhibition during specific immunotherapy

A
107 - - - - .
- Lt Non-allergic
1064 o —r mm Allergic
O ik, Poms, e Allergic-AIT
5] : : : : ok
= 10 " Bt T | mem Allergic-AIT + TOFA
= 1044
g : : i i :
S 104 1
S : H : H
10 M LT 1
— : : :
10'1 1"
1004 :
Total cells Eosinophils Macrophages Neutrophils Lymphocytes
B
_ Non-allergic
mm Allergic
100+ o

- Allergic-AIT
mm  Allergic-AIT + TOFA

~
[
1

Relative % of BAL cells
3
1

Eosinophils Macrophages Neutrophils Lymphocytes

Fig 2. Analysis of the cellular BAL fluid compartment and lung histology of mice (Non-allergic,
Allergic, Allergic-AlIT, Allergic-AIT+TOFA) after OVA-aerosol challenge. (A) Counts of total BAL cells and
total cell count of eosinophils, macrophages, neutrophils and lymphocytes. (B) Relative percentages of
eosinophils, macrophages, neutrophils and lymphocytes within the total BAL cells. Shown is the median with
range. Gaussian and non-Gaussian distributed results were analyzed by unpaired t test or Mann Whitney test,
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respectively. (C-F): Lung histology (H&E staining). (C) Non-allergic. (D) Allergic. (E) Allergic-AlIT. (F) Allergic-
AIT + TOFA. Arrows indicate inflammatory infiltrates; scale bar: 50 pm.

https://doi.org/10.1371/journal.pone.0178563.9002

In contrast to non-allergic mice (Fig 2C) strong perivascular, peribronchiolar and alveolar
inflammatory cell infiltration characterized by a strong eosinophilia was observed in the lungs
of allergic mice (Fig 2D) and this effect was substantially reduced by AIT (Fig 2E) and even
further by the combination of AIT and TOFA (Fig 2F). However, no reduction in PAS positive
material was seen following AIT and AIT in combination with TOFA (data not shown).

Of note, TOFA treatment without AIT was not able to induce any of these effects, verifying
that no transient immunosuppression was responsible for the obtained results (Fig 3). Here,
analyses were performed in week 6 to assess the time of complete wash-out of TOFA and to
avoid transient TOFA mediated effects on experimental AIT (Fig 3A). In detail, TOFA treat-
ment alone had no effect on immunoglobulin levels in plasma (Fig 3B), only slightly reduced
the total cell number in the BAL fluid (Fig 3C), but had no effect on eosinophilic infiltration
into the BAL fluid (Fig 3D) or on inflammatory cell infiltration in lung tissue (Fig 3E-3F).
Moreover, no effects of TOFA-treatment without AIT on cytokine levels in the BAL fluid were
observed (Fig 3G).

Effect of AIT and JAK inhibition on cytokine secretion in BAL fluid

After OVA challenge the amount of several cytokines in the BAL fluid was assessed. Intrigu-
ingly, AIT induced a dramatic reduction of monokine secretion (IL-1f, IL-6 and TNF-a) into
the BAL fluid (reduction to 20% of II-1p, 18% of IL-6 and 16% of TNF-o. compared to allergic
mice) (Fig 4). The combination of AIT plus TOFA was even more potent (reduction of both
II-1B and IL-6 levels to 11%, and TNF-o. levels to 10% compared to allergic mice). The addition
of TOFA to AIT led to significantly reduced IL-1p secretion compared to AIT alone, while a
tendency was observed for further reduction of IL-6 and TNF-o secretion.

A similar enhancement of inhibition by AIT and the combination of AIT and TOFA
(median 78% and 56% compared to allergic mice) was observed for the chemokine CXCLI,
the murine homologue of human IL-8, whereby only the addition of TOFA led to a significant
reduction (Fig 4). In contrast, T cell cytokines IL-2 and IFN-y were barely detectable and mar-
ginally reduced by AIT without further effect by concomitant TOFA treatment. While OVA
challenge resulted in measurable amounts of IL-17A in non-allergic and allergic mice, this
cytokine was not detectable in most mice after treatment with AIT or the combination of AIT
and TOFA.

AIT significantly reduced the secretion of the Th2-cytokines IL-4 and IL-13 into BAL fluid
and a tendency towards further decrease by the combination of AIT and TOFA was observed.
In addition, the level of IL-10 in the BAL fluid was significantly decreased by AIT ant the com-
bination of AIT and TOFA. However, both treatment regimens slightly increased IL-5 secre-
tion (Fig 4).

Effect of AIT and JAK inhibition on antibody levels

Sensitization of mice with OV A resulted in the induction of OVA-specific IgE (Fig 5A, left
panel). While only a tendency towards reduced sIgE was achieved by AIT alone, the combina-
tion treatment of AIT and TOFA resulted in a highly significant decrease of the amount of
sIgE, which was comparable to that of non-allergic mice. Moreover, treatment of mice with
AIT and the combination of AIT and TOFA led to an increasing tendency of reduced total IgE
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Fig 3. Effect of TOFA on allergic sensitization. (A) Schematic overview about the different in vivo treatment schemes
(sensitization, TOFA administration, challenge) for two experimental groups of mice (n = 10). i.p, intraperitoneal. (B)
Immunoglobulin measurements in plasma samples. (C) Counts of total BAL cells. (D) Relative percentages of eosinophils,
macrophages, neutrophils and lymphocytes within the total BAL cells. Shown is the median with range. (E-F) Lung
histology (H&E staining). (E) Allergic. (F) Allergic + TOFA. Arrows indicate inflammatory infiltrates; scale bar: 50 ym. (G)
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Results of cytokine measurements in the BAL fluid. Bars indicate the median. Gaussian and non-Gaussian distributed
results were analyzed by unpaired t test or Mann Whitney test, respectively.

https://doi.org/10.1371/journal.pone.0178563.9003

levels (median 56.5% and 42.2% compared to allergic mice (Fig 5A, middle panel). Addition-
ally, AIT as well as the combination of AIT and TOFA resulted in a highly significant increase
of total IgG1 levels compared to the allergic mice (Fig 5A, right panel). The levels of IgM, IgA,
IgG2b and IgG3 were not affected by AIT or the combination of AIT and TOFA (data not
shown).

Effect of AIT and JAK inhibition on systemic cytokine levels

Non-allergic and allergic mice showed comparable levels of IL-6 in plasma after OV A-aerosol
challenge. Interestingly, a reduction of the IL-6 plasma level was detected in mice after AIT
(median 56% compared to allergic mice) with further significant reduction in mice treated
with AIT and TOFA (median 38% compared to allergic mice) (Fig 5B). A similar enhancement
of inhibition (41% and 75%) was observed for IL-1B3. While AIT was able to reduce the IL-1§
level to 60% compared to allergic mice, the combination of AIT and TOFA further decreased
the level to 25%. Additionally, the co-administration of AIT and TOFA, in contrast to AIT
alone, was able to reduce the level of IL-2 to the level of non-allergic mice. Interestingly, the
level of IL-17A was only increased in allergic mice while it was comparable in non-allergic
mice and mice treated with AIT or the combination of AIT and TOFA. IL-4, IL-13, IL-5, TNF-
o, INF-y, CXCL1 and IL-10 were barely detectable in plasma or showed only non-significant
differences between different groups (S2 Fig).

Tofacitinib facilitates the differentiation of human FOXP3*CD4* T cells

Since the suppressive effect of TOFA on human and murine Th1/Th2/Th17 effector cells and
immunoglobulin secretion has been shown previously [18], we analyzed the Treg-induction as
important immune tolerance mechanism. In order to obtain insights into the effect of TOFA
and other immune-modulating agents such as Rapamycin and Cyclosporine A on FOXP3
expression in human CD4" T cells, naive CD4" T cells (purity 95-98%, data not shown) were
isolated from healthy human blood donors (n = 3) and cultured in the presence of TGF-B1, IL-
2 and different concentrations of the immune modulators. For the control cells, cultured
under iTreg (induced regulatory T cell)-polarizing conditions without immune modulators,
17.7-43.6% FOXP3" cells within the living CD4" T cell population were detected (Fig 6). The
two lower doses of TOFA were able to enhance the induction of FOXP3 expression within this
T cell compartment (Fig 6). For a concentration of 0.1 uM and 1 uM TOFA in the culture
medium 57.2-77.1% and 51.1-70.6% FOXP3 producing cells were detected, respectively. On
average 0.1 uM and 1 pM TOFA were able to increase the percentage of FOXP3 expressing
cells about 2.4 (+/- 0.7) — 2.5 (+/-1.3)-fold. The concentration of 10 uM of TOFA induced cyto-
toxicity (data not shown) and diminished the FOXP3-enhancing effect. Rapamycin treatment
did not inhibit FOXP3 expression and resulted in 1.3-fold higher expression. The lowest con-
centration of Cyclosporine A (0.003 M) showed no effect on FOXP3 induction, whereas the
two higher concentrations (0.033 uM, 0.333 uM) reduced the percentage of FOXP3" cells
within the CD4" T cell compartment. The obtained results were consistent for all individual
donors (Fig 6B).
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Fig 4. Analysis of the soluble BAL fluid compartment (Non-allergic, Allergic, Allergic-AlIT, Allergic-AIT
+TOFA) after OVA-aerosol challenge. Results of the cytokine measurement for IL-4, IL-13, IL-5, IL-17A, IL-6,
TNF-q, IL-2, IL-1B, IL-10, IL-12p70, IFN-y and CXCL1. Bars indicate the median. Gaussian and non-Gaussian
distributed results were analyzed by unpaired t test or Mann Whitney test, respectively.

https://doi.org/10.1371/journal.pone.0178563.9004
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Fig 5. Analysis of murine plasma samples (Non-allergic, Allergic, Allergic-AlIT, Allergic-AIT+TOFA) after OVA-
aerosol challenge. (A) Results of the immunoglobulin measurement for OVA-specific IgE, total IgE and total IgG1, and (B)
results of the cytokine measurement for IL-6, IL-1p, IL-2 and IL-17A. Bars indicate the median. Gaussian and non-Gaussian
distributed results were analyzed by unpaired t test or Mann Whitney test, respectively.

https://doi.org/10.1371/journal.pone.0178563.9005

Discussion

In order to identify immune modulators which have the potential to improve the efficacy of
allergen-specific immunotherapy we addressed the beneficial effect of Tofacitinib during AIT.
The rationale behind this combinatorial approach is that vaccination-induced antigen presen-
tation in the absence of inflammatory signals might facilitate the induction of immunological
tolerance [26]. So far, the effects of the application of JAK inhibitors during AIT have not been
reported.

In this study we used a murine model of OVA-induced allergy and subsequent experimen-
tal AIT, similar to the model previously described by Vissers et al. [27]. In our model the appli-
cation of TOFA in combination with AIT was able to improve several key parameters of
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Fig 6. Effect of TOFA on the differentiation of human FOXP3*CD4* T cells. Naive CD4" T cells of human
blood donors (n = 3) were stimulated with anti-CD3/anti-CD28, IL-2 and TGF-B1 to induce FOXP3 expression.
In addition to this polarization control, TOFA, Rapamycin or Cycloysporine A were added to the medium in
different concentrations. (A) Flow cytometry plots of anti-CD4 and anti-FOXP3 staining are shown for one
representative donor. (B) The percentages of FOXP3* cells within the living CD4* T cell population under

control, TOFA, Rapamycin and Cyclosporine A condition is given for the three donors. Bars indicate the

median.

https://doi.org/10.1371/journal.pone.0178563.9006
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allergic airway inflammation, such as total cell and particularly eosinophilic infiltration into
the BAL fluid, levels of the Th2 cytokines IL-4 and IL-13, the monokines IL-1f, IL-6 and TNF-
o as well as IL-17A and CXCL1. Moreover, OVA-specific as well as total IgE levels were clearly
reduced. Particularly sIgE levels could only be reduced with high significance by the co-admin-
istration of AIT and TOFA. Moreover, a systemic inhibition of pro-inflammatory cytokines
was observed. Hence, the inhibition of the JAK 1 and 3 pathways demonstrates clear potential
for further improvement of specific immunotherapy. Although TOFA shows the highest selec-
tivity for JAK1 and 3, effects by the weaker inhibition of JAK 2 and TYK2 are known [28].
However, we could show that the improved efficacy of AIT mediated by TOFA is not primarily
due to an inhibition of cellular immunologic effector functions, but also by the functional and
robust induction of potentially protective IgG1 antibodies. Furthermore, comparable effects
on ajrway eosinophilia and Th2 cytokine production were previously described for the admin-
istration of the highly selective JAK1/3 inhibitor R256 during the sensitization and allergen
challenge phase [29].

Key problems of human AIT are the side effects, such as local swelling, granuloma forma-
tion, anaphylaxis, as well as often insufficient clinical responses, which are related to local
inflammatory conditions [4]. Therefore, the aim of short-term administration of TOFA during
AIT is not a long-lasting modification of the JAK/STAT pathway but rather a short-term
blockade of this signaling cascade to restrict local inflammation and to support the tolerogenic
memory effect induced by AIT. This study demonstrates that TOFA-mediated JAK inhibition
can significantly support AIT-mediated control of local inflammation, in particular the Th2
dependent influx of eosinophils.

Although the analysis of clinical trials is too multifactorial and requires large sample sizes, it
can be anticipated that eosinophil reduction positively relates to clinical efficacy [12]. The
TOFA-mediated downregulation of eosinophil infiltration is not related to Th2 cytokines, in
particular IL-5, which was not decreased by AIT or AIT in combination with TOFA. Interest-
ingly, IL-4 and IL-13 were downregulated by AIT and the combination of AIT and TOFA.
Since the genes of IL-4 and IL-5 are situated on the same genomic locus [30], it is unlikely that
the differential secretion levels originate from the same cells, but rather are a result of different
cell origin such as Th2 cells and innate lymphoid type 2 cells [31]. In addition the level of IL-10
in the BAL fluid, which is also produced by Th2 cells [32], was downregulated by AIT and the
combination of AIT and TOFA. Unfortunately, our study lacks lung function measurements,
which would enhance its clinical relevance.

The induction of IgG1 by AIT is in line with previous studies, which have shown that AIT
with OVA in murine allergic airway disease induces OV A-specific IgG1 [33]. It is of major
importance that this induction of potentially protective antibodies is not affected by TOFA
administration. Recently, a study focusing on the effects of TOFA treatment on human B cells
showed results broadening our findings for the human situation. Rizzi et al demonstrated that
in vitro TOFA treatment does not inhibit class switching during B cell maturation and only
diminishes plasmablast formation and immunoglobulin secretion in naive B cells for a short
period. B cells isolated from TOFA-treated patients could be again activated to differentiate
into plasmablasts and these plasmablasts secreted immunoglobulin levels comparable or
slightly increased to normal levels [34]. We might speculate that during the short-term TOFA
treatment combined to AIT, we inhibit the prompt formation of IgE producing plasmablasts
and create a window of opportunity for the class switching to IgG. Allergen-IgG complexes
can then further induce IgG1 and the secretion of macrophage-derived IL-10, which is an
important mediator of immune tolerance in experimental murine AIT [35, 36]. These IgG1
antibodies are believed to compete with IgE in a similar way as IgG4 in the human system,
what in turn prevents mediator release from sensitized mast cells [9, 10]. However, the
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reduction of the Th2-late phase response with eosinophil infiltration in the BAL-fluid is inde-
pendent of B cell function and IgG-production [33].

The effect of TOFA-enhanced AIT was most pronounced among monokines IL-1f, TNF-o
and IL-6. The mean terminal plasma half-life of TOFA is 3.2 hours [37] and it has been previ-
ously shown that discontinuation of TOFA after short-term treatment in vitro allows normal
reactivation of lymphocytes within four days [38]. Therefore, the effect at the time point of
aerosol allergen challenge cannot be attributed to the transient action of TOFA, since the last
application of TOFA was given 18 days before. The reduction of IL-6 has also been observed in
a four weeks clinical trial assessing TOFA for rheumatoid arthritis [39]. Taken together, it is
likely that resident epithelial cells (e.g. bronchial/ alveolar or liver epithelial cells) mediate the
reduction of pro-inflammatory mediators, as it was shown in a recent model of graft-versus
host disease for keratinocyte-derived CXCL9 and CXCL10 [40]. It is currently unknown,
whether the TOFA-mediated reduction of IL-1f responses are caused by a long-lasting effect
on airway- or liver epithelial cells or by AIT-modulated T cell responses affecting epithelium-
regulating cytokines.

Interestingly, we were able to demonstrate that TOFA administration in vitro favored the
induction of human FOXP3*CD4" T cells, a hallmark of T cell tolerance [12]. This extends the
findings of an earlier study, which demonstrated that TOFA preserves the function of regula-
tory T cells and inhibits effector T cells [18]. In contrast, other immunosuppressive drugs such
as Cyclosporine A inhibit FOXP3-mediated Treg induction [15]. We previously demonstrated
that this effect depends on direct inhibition of NFAT (nuclear factor of activated T cells) bind-
ing to the proximal FOXP3 promoter [41].

Our data demonstrate that JAK-inhibitors are able to shift the balance of newly induced T
cell reactivity. This potentially favors the induction of functional regulatory T cells, which
build the basis for a long-lasting modulation of the immunological memory and which are
beneficial for the treatment of a variety of immune diseases. Additionally, this hypothesis is
supported by a recent study of a murine autoimmune disease model, showing the antigen-spe-
cific induction of Tregs and a decrease of Th1 and Th17 by dendritic cells treated with TOFA
in vitro [42].

Conclusion

Taken together the current study shows that the combination treatment of AIT with a JAK
inhibitor amplifies the clinical efficacy of AIT, as it not only influences adaptive, but also the
innate arm of immune responses. The promising preclinical data on the long-lasting effects on
local and systemic inflammation pave the way towards the set-up of human clinical trials.
These trials could open up the chance to further minimize local and systemic side effects, even
during seasonal treatment or in polysensitized patients suffering from perennial symptoms,
using uncritical short-term treatment [21] with a JAK inhibitor.

Supporting information

S1 Fig. Analysis of cells in BAL fluid by flow cytometry. The FlowJo_V10 software was used
to select BAL fluid cells on 2-D plots. First, live (7AAD negative) CD45+ leukocytes were
selected to eliminate cell debris, erythrocytes and dead cells. Then lymphocytes were gated on
SSC-A""/CD11b- to further discriminate CD19+ B cells and CD3+ T cells. Neutrophils were
identified as SSC-A'""/GR-1+. Pre-gating on SSC-A™"8"/GR-1- cells allowed to discrimi-
nate eosinophils from macrophages by further staining of MHC-II and CD11c.

(TTF)
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S2 Fig. Analyses of murine plasma samples (Non-allergic, Allergic, Allergic-AIT, Allergic-
AIT+TOFA) after OVA-aerosol challenge. Results of the cytokine measurement for IL-4, IL-
13, IL-5, TNF-o, IFN-y, CXCLI and IL-10. Regarding the measurement of IL-13, a statistical
analysis was not performed, because in most of the samples IL-13 was under the detection
limit. Bars indicate the median. Gaussian and non-Gaussian distributed results were analyzed
by unpaired t test or Mann Whitney test, respectively.

(TIF)

Acknowledgments

We would like to thank Johanna Grosch, Dr. Maria Wimmer, Julia Wittmann, Barbara Weber
and Florian Schleicher for excellent technical assistance.

Author Contributions

Conceptualization: MO CBS-W ]G AC.

Formal analysis: AA-P AG SB.

Funding acquisition: MHdA CBS-W.
Investigation: AA-P AG DR FA.

Methodology: HF VG-D.

Project administration: HF VG-D SB JG CBS-W.
Supervision: MHdA JG CBS-W.

Visualization: AG SB.

Writing - original draft: AA-P AG SB JG CBS-W.
Writing - review & editing: AG MHdA MO SB JG CBS-W FA.

References

1. Abramson MJ, Puy RM, Weiner JM. Injection allergen immunotherapy for asthma. The Cochrane data-
base of systematic reviews. 2010;(8):CD001186. https://doi.org/10.1002/14651858.CD001186.pub2
PMID: 20687065.

2. Calderon MA, Alves B, Jacobson M, Hurwitz B, Sheikh A, Durham S. Allergen injection immunotherapy
for seasonal allergic rhinitis. The Cochrane database of systematic reviews. 2007;(1):CD001936.
https://doi.org/10.1002/14651858.CD001936.pub2 PMID: 17253469.

3. FratiF, Dell’Albani |, Incorvaia C. Long-term efficacy of allergen immunotherapy: what do we expect?
Immunotherapy. 2013; 5(2):131-3. https://doi.org/10.2217/imt.12.154 PMID: 23413904.

4. Moote W, Kim H. Allergen-specificimmunotherapy. Allergy, asthma, and clinical immunology: official
journal of the Canadian Society of Allergy and Clinical Immunology. 2011; 7 Suppl 1:S5. https://doi.org/
10.1186/1710-1492-7-S1-S5 PMID: 22166078.

5. RingJ, Alomar A, Bieber T, Deleuran M, Fink-Wagner A, Gelmetti C, et al. Guidelines for treatment of
atopic eczema (atopic dermatitis) Part Il. Journal of the European Academy of Dermatology and Vener-
eology: JEADV. 2012; 26(9):1176-93. https://doi.org/10.1111/].1468-3083.2012.04636.x PMID:
22813359.

6. Golden DB. Insect sting anaphylaxis. Immunology and allergy clinics of North America. 2007; 27
(2):261-72, vii. https://doi.org/10.1016/j.iac.2007.03.008 PMID: 17493502.

7. Akdis CA, Akdis M. Mechanisms of allergen-specific immunotherapy and immune tolerance to aller-
gens. The World Allergy Organization journal. 2015; 8(1):17. https://doi.org/10.1186/s40413-015-0063-
2 PMID: 26023328.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178563 June 1, 2017 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178563.s002
https://doi.org/10.1002/14651858.CD001186.pub2
http://www.ncbi.nlm.nih.gov/pubmed/20687065
https://doi.org/10.1002/14651858.CD001936.pub2
http://www.ncbi.nlm.nih.gov/pubmed/17253469
https://doi.org/10.2217/imt.12.154
http://www.ncbi.nlm.nih.gov/pubmed/23413904
https://doi.org/10.1186/1710-1492-7-S1-S5
https://doi.org/10.1186/1710-1492-7-S1-S5
http://www.ncbi.nlm.nih.gov/pubmed/22166078
https://doi.org/10.1111/j.1468-3083.2012.04636.x
http://www.ncbi.nlm.nih.gov/pubmed/22813359
https://doi.org/10.1016/j.iac.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17493502
https://doi.org/10.1186/s40413-015-0063-2
https://doi.org/10.1186/s40413-015-0063-2
http://www.ncbi.nlm.nih.gov/pubmed/26023323
https://doi.org/10.1371/journal.pone.0178563

@° PLOS | ONE

JAK inhibition during specific immunotherapy

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Chesne J, Schmidt-Weber CB, Esser von-Bieren J. The Use of Adjuvants for Enhancing Allergen
Immunotherapy Efficacy. Inmunology and allergy clinics of North America. 2016; 36(1):125—45. https://
doi.org/10.1016/j.iac.2015.08.009 PMID: 26617231.

Schmidt-Weber CB, Blaser K. Immunological mechanisms of specific allergen immunotherapy. Inflam-
mation & allergy drug targets. 2006; 5(1):15-21. PMID: 16613560.

Wu Z. Antigen specificimmunotherapy generates CD27(+) CD35(+) tolerogenic dendritic cells. Cellular
immunology. 2013; 283(1-2):75-80. https://doi.org/10.1016/j.cellimm.2013.06.014 PMID: 23887049.

Radulovic S, Jacobson MR, Durham SR, Nouri-Aria KT. Grass pollen immunotherapy induces Foxp3-
expressing CD4+ CD25+ cells in the nasal mucosa. The Journal of allergy and clinical immunology.
2008; 121(6):1467—72, 72 e1. https://doi.org/10.1016/j.jaci.2008.03.013 PMID: 18423565.

Akdis M, Akdis CA. Mechanisms of allergen-specific immunotherapy: multiple suppressor factors at
work in immune tolerance to allergens. The Journal of allergy and clinical immunology. 2014; 133
(3):621-31. https://doi.org/10.1016/j.jaci.2013.12.1088 PMID: 24581429.

Mantel PY, Kuipers H, Boyman O, Rhyner C, Ouaked N, Ruckert B, et al. GATA3-driven Th2 responses
inhibit TGF-beta1-induced FOXP3 expression and the formation of regulatory T cells. PLoS biology.
2007; 5(12):e329. https://doi.org/10.1371/journal.pbio.0050329 PMID: 18162042.

van Amelsfort JM, van Roon JA, Noordegraaf M, Jacobs KM, Bijlsma JW, Lafeber FP, et al. Proinflam-
matory mediator-induced reversal of CD4+, CD25+ regulatory T cell-mediated suppression in rheuma-
toid arthritis. Arthritis and rheumatism. 2007; 56(3):732—42. https://doi.org/10.1002/art.22414 PMID:
17328044.

Miroux C, Morales O, Carpentier A, Dharancy S, Conti F, Boleslowski E, et al. Inhibitory effects of cyclo-
sporine on human regulatory T cells in vitro. Transplantation proceedings. 2009; 41(8):3371—4. https://
doi.org/10.1016/j.transproceed.2009.08.043 PMID: 19857752.

Dao Nguyen X, Robinson DS. Fluticasone propionate increases CD4CD25 T regulatory cell suppres-
sion of allergen-stimulated CD4CD25 T cells by an IL-10-dependent mechanism. The Journal of allergy
and clinical immunology. 2004; 114(2):296—-301. https://doi.org/10.1016/j.jaci.2004.04.048 PMID:
15316506.

Karagiannidis C, Akdis M, Holopainen P, Woolley NJ, Hense G, Ruckert B, et al. Glucocorticoids upre-
gulate FOXP3 expression and regulatory T cells in asthma. The Journal of allergy and clinical immunol-
ogy. 2004; 114(6):1425-33. https://doi.org/10.1016/j.jaci.2004.07.014 PMID: 15577848.

Sewgobind VD, Quaedackers ME, van der Laan LJ, Kraaijeveld R, Korevaar SS, Chan G, et al. The Jak
inhibitor CP-690,550 preserves the function of CD4CD25FoxP3 regulatory T cells and inhibits effector T
cells. American journal of transplantation: official journal of the American Society of Transplantation and
the American Society of Transplant Surgeons. 2010; 10(8):1785-95. https://doi.org/10.1111/j.1600-
6143.2010.03200.x PMID: 20626385.

O’Shea JJ, Schwartz DM, Villarino AV, Gadina M, Mclnnes IB, Laurence A. The JAK-STAT pathway:
impact on human disease and therapeutic intervention. Annual review of medicine. 2015; 66:311-28.
https://doi.org/10.1146/annurev-med-051113-024537 PMID: 25587654.

Roskoski R Jr. Janus kinase (JAK) inhibitors in the treatment of inflammatory and neoplastic diseases.
Pharmacological research. 2016; 111:784—803. https://doi.org/10.1016/j.phrs.2016.07.038 PMID:
27473820.

He Y, Wong AY, Chan EW, Lau WC, Man KK, Chui CS, et al. Efficacy and safety of tofacitinib in the
treatment of rheumatoid arthritis: a systematic review and meta-analysis. BMC musculoskeletal disor-
ders. 2013; 14:298. hitps://doi.org/10.1186/1471-2474-14-298 PMID: 24139404.

Aguilar-Pimentel JA, Alessandrini F, Huster KM, Jakob T, Schulz H, Behrendt H, et al. Specific CD8 T
cells in IgE-mediated allergy correlate with allergen dose and allergic phenotype. American journal of
respiratory and critical care medicine. 2010; 181(1):7—16. https://doi.org/10.1164/rccm.200902-
01900C PMID: 19815810.

Fuchs H, Gailus-Durner V, Adler T, Aguilar-Pimentel JA, Becker L, Calzada-Wack J, et al. Mouse phe-
notyping. Methods. 2011; 53(2):120-35. https://doi.org/10.1016/j.ymeth.2010.08.006 PMID: 20708688.

Gailus-Durner V, Fuchs H, Becker L, Bolle |, Brielmeier M, Calzada-Wack J, et al. Introducing the Ger-
man Mouse Clinic: open access platform for standardized phenotyping. Nature methods. 2005; 2
(6):403—4. https://doi.org/10.1038/nmeth0605-403 PMID: 15908916.

Alessandrini F, Schulz H, Takenaka S, Lentner B, Karg E, Behrendt H, et al. Effects of ultrafine carbon
particle inhalation on allergic inflammation of the lung. The Journal of allergy and clinical immunology.
2006; 117(4):824-30. https://doi.org/10.1016/j.jaci.2005.11.046 PMID: 16630940.

Andre S, Tough DF, Lacroix-Desmazes S, Kaveri SV, Bayry J. Surveillance of antigen-presenting cells
by CD4+ CD25+ regulatory T cells in autoimmunity: immunopathogenesis and therapeutic implications.
The American journal of pathology. 2009; 174(5):1575-87. https://doi.org/10.2353/ajpath.2009.080987
PMID: 19349365.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178563 June 1, 2017 17/18


https://doi.org/10.1016/j.iac.2015.08.009
https://doi.org/10.1016/j.iac.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26617231
http://www.ncbi.nlm.nih.gov/pubmed/16613560
https://doi.org/10.1016/j.cellimm.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23887049
https://doi.org/10.1016/j.jaci.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18423565
https://doi.org/10.1016/j.jaci.2013.12.1088
http://www.ncbi.nlm.nih.gov/pubmed/24581429
https://doi.org/10.1371/journal.pbio.0050329
http://www.ncbi.nlm.nih.gov/pubmed/18162042
https://doi.org/10.1002/art.22414
http://www.ncbi.nlm.nih.gov/pubmed/17328044
https://doi.org/10.1016/j.transproceed.2009.08.043
https://doi.org/10.1016/j.transproceed.2009.08.043
http://www.ncbi.nlm.nih.gov/pubmed/19857752
https://doi.org/10.1016/j.jaci.2004.04.048
http://www.ncbi.nlm.nih.gov/pubmed/15316506
https://doi.org/10.1016/j.jaci.2004.07.014
http://www.ncbi.nlm.nih.gov/pubmed/15577848
https://doi.org/10.1111/j.1600-6143.2010.03200.x
https://doi.org/10.1111/j.1600-6143.2010.03200.x
http://www.ncbi.nlm.nih.gov/pubmed/20626385
https://doi.org/10.1146/annurev-med-051113-024537
http://www.ncbi.nlm.nih.gov/pubmed/25587654
https://doi.org/10.1016/j.phrs.2016.07.038
http://www.ncbi.nlm.nih.gov/pubmed/27473820
https://doi.org/10.1186/1471-2474-14-298
http://www.ncbi.nlm.nih.gov/pubmed/24139404
https://doi.org/10.1164/rccm.200902-0190OC
https://doi.org/10.1164/rccm.200902-0190OC
http://www.ncbi.nlm.nih.gov/pubmed/19815810
https://doi.org/10.1016/j.ymeth.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20708688
https://doi.org/10.1038/nmeth0605-403
http://www.ncbi.nlm.nih.gov/pubmed/15908916
https://doi.org/10.1016/j.jaci.2005.11.046
http://www.ncbi.nlm.nih.gov/pubmed/16630940
https://doi.org/10.2353/ajpath.2009.080987
http://www.ncbi.nlm.nih.gov/pubmed/19349365
https://doi.org/10.1371/journal.pone.0178563

@° PLOS | ONE

JAK inhibition during specific immunotherapy

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

Vissers JL, van Esch BC, Hofman GA, Kapsenberg ML, Weller FR, van Oosterhout AJ. Allergen immu-
notherapy induces a suppressive memory response mediated by IL-10 in a mouse asthma model. The
Journal of allergy and clinical immunology. 2004; 113(6):1204—10. https://doi.org/10.1016/j.jaci.2004.
02.041 PMID: 15208606.

Meyer DM, Jesson MI, Li X, Elrick MM, Funckes-Shippy CL, Warner JD, et al. Anti-inflammatory activity
and neutrophil reductions mediated by the JAK1/JAK3 inhibitor, CP-690,550, in rat adjuvant-induced
arthritis. Journal of inflammation. 2010; 7:41. https://doi.org/10.1186/1476-9255-7-41 PMID: 20701804.

Ashino S, Takeda K, Li H, Taylor V, Joetham A, Pine PR, et al. Janus kinase 1/3 signaling pathways are
key initiators of TH2 differentiation and lung allergic responses. The Journal of allergy and clinical immu-
nology. 2014; 133(4):1162-74. https://doi.org/10.1016/j.jaci.2013.10.036 PMID: 24365136.

Lee JS, Campbell HD, Kozak CA, Young IG. The IL-4 and IL-5 genes are closely linked and are part of
a cytokine gene cluster on mouse chromosome 11. Somatic cell and molecular genetics. 1989; 15
(2):143-52. PMID: 2784591.

Ikutani M, Yanagibashi T, Ogasawara M, Tsuneyama K, Yamamoto S, Hattori Y, et al. Identification of
innate IL-5-producing cells and their role in lung eosinophil regulation and antitumor immunity. J Immu-
nol. 2012; 188(2):703-13. https://doi.org/10.4049/jimmunol. 1101270 PMID: 22174445.

Schmidt-Weber CB, Alexander S|, Henault LE, James L, Lichtman AH. IL-4 enhances IL-10 gene
expression in murine Th2 cells in the absence of TCR engagement. Journal of immunology. 1999; 162
(1):238—44. PMID: 9886391.

Shirinbak S, Taher YA, Maazi H, Gras R, van Esch BC, Henricks PA, et al. Suppression of Th2-driven
airway inflammation by allergen immunotherapy is independent of B cell and Ig responses in mice. Jour-
nal of immunology. 2010; 185(7):3857—65. https://doi.org/10.4049/jimmunol.0903909 PMID:
20802147.

Rizzi M, Lorenzetti R, Fischer K, Staniek J, Janowska I, Troilo A, et al. Impact of tofacitinib treatment on
human B-cells in vitro and in vivo. Journal of autoimmunity. 2017; 77:55-66. https://doi.org/10.1016/j.
jaut.2016.10.005 PMID: 27793425.

Anderson CF, Gerber JS, Mosser DM. Modulating macrophage function with IgG immune complexes. J
Endotoxin Res. 2002; 8(6):477-81. https://doi.org/10.1179/096805102125001118 PMID: 12697094.

Gallo P, Goncalves R, Mosser DM. The influence of IgG density and macrophage Fc (gamma) receptor
cross-linking on phagocytosis and IL-10 production. Immunology letters. 2010; 133(2):70—7. https://doi.
org/10.1016/j.imlet.2010.07.004 PMID: 20670655.

Dowty ME, Lin J, Ryder TF, Wang W, Walker GS, Vaz A, et al. The pharmacokinetics, metabolism, and
clearance mechanisms of tofacitinib, a janus kinase inhibitor, in humans. Drug Metab Dispos. 2014; 42
(4):759-73. https://doi.org/10.1124/dmd.113.054940 PMID: 24464803.

Piscianz E, Valencic E, Cuzzoni E, De ludicibus S, De Lorenzo E, Decorti G, et al. Fate of lymphocytes
after withdrawal of tofacitinib treatment. PLoS One. 2014; 9(1):e85463. https://doi.org/10.1371/journal.
pone.0085463 PMID: 24416411.

Migita K, Izumi Y, Jiuchi Y, Kozuru H, Kawahara C, Izumi M, et al. Effects of Janus kinase inhibitor tofa-
citinib on circulating serum amyloid A and interleukin-6 during treatment for rheumatoid arthritis. Clin
Exp Immunol. 2014; 175(2):208-14. https://doi.org/10.1111/cei.12234 PMID: 24665995.

Okiyama N, Furumoto Y, Villarroel VA, Linton JT, Tsai WL, Gutermuth J, et al. Reversal of CD8 T-cell-
mediated mucocutaneous graft-versus-host-like disease by the JAK inhibitor tofacitinib. J Invest Derma-
tol. 2014; 134(4):992—-1000. https://doi.org/10.1038/jid.2013.476 PMID: 24213371.

Mantel PY, Ouaked N, Ruckert B, Karagiannidis C, Welz R, Blaser K, et al. Molecular mechanisms
underlying FOXP3 induction in human T cells. Journal of immunology. 2006; 176(6):3593—-602. PMID:
16517728.

Zhou Y, Leng X, Luo S, Su Z, Luo X, Guo H, et al. Tolerogenic Dendritic Cells Generated with Tofacitinib
Ameliorate Experimental Autoimmune Encephalomyelitis through Modulation of Th17/Treg Balance.
Journal of immunology research. 2016; 2016:5021537. https://doi.org/10.1155/2016/5021537 PMID:
28070525.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178563 June 1, 2017 18/18


https://doi.org/10.1016/j.jaci.2004.02.041
https://doi.org/10.1016/j.jaci.2004.02.041
http://www.ncbi.nlm.nih.gov/pubmed/15208606
https://doi.org/10.1186/1476-9255-7-41
http://www.ncbi.nlm.nih.gov/pubmed/20701804
https://doi.org/10.1016/j.jaci.2013.10.036
http://www.ncbi.nlm.nih.gov/pubmed/24365136
http://www.ncbi.nlm.nih.gov/pubmed/2784591
https://doi.org/10.4049/jimmunol.1101270
http://www.ncbi.nlm.nih.gov/pubmed/22174445
http://www.ncbi.nlm.nih.gov/pubmed/9886391
https://doi.org/10.4049/jimmunol.0903909
http://www.ncbi.nlm.nih.gov/pubmed/20802147
https://doi.org/10.1016/j.jaut.2016.10.005
https://doi.org/10.1016/j.jaut.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27793425
https://doi.org/10.1179/096805102125001118
http://www.ncbi.nlm.nih.gov/pubmed/12697094
https://doi.org/10.1016/j.imlet.2010.07.004
https://doi.org/10.1016/j.imlet.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20670655
https://doi.org/10.1124/dmd.113.054940
http://www.ncbi.nlm.nih.gov/pubmed/24464803
https://doi.org/10.1371/journal.pone.0085463
https://doi.org/10.1371/journal.pone.0085463
http://www.ncbi.nlm.nih.gov/pubmed/24416411
https://doi.org/10.1111/cei.12234
http://www.ncbi.nlm.nih.gov/pubmed/24665995
https://doi.org/10.1038/jid.2013.476
http://www.ncbi.nlm.nih.gov/pubmed/24213371
http://www.ncbi.nlm.nih.gov/pubmed/16517728
https://doi.org/10.1155/2016/5021537
http://www.ncbi.nlm.nih.gov/pubmed/28070525
https://doi.org/10.1371/journal.pone.0178563

