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A 56-year-old woman with systemic lupus erythematosus had bacteremia due to multidrug-resistant
Pseudomonas aeruginosa (MDRP). She was initially treated with imipenem-—cilastatin, tobramycin, and
aztreonam; however, MDRP was still detected intermittently in her plasma. Multidrug-susceptibility tests
demonstrated that MDRP was susceptible only to colistin. Therefore, in addition to these antibiotics, the
administration of intravenous celistin methanesulfonate, a prodrug formula of colistin, was started at a daily
dose of 2.5mg/kg (as colistin base activity). The initial dose setting was based on the patient’s renal function
(baseline creatinine clearance=32.7mL/min). After initiating colistin, the patient’s C-reactive protein levels
gradually decreased. Blood cultures showed no evidence of MDRP on days 8, 14, and 22 after colistin initia-
tion. However, the patient’s renal function went from bad to worse owing to septic shock induced by methi-
cillin-resistant Staphylococcus aurens (MRSA) infection. A few days later, the trough plasma levels of colistin
were 7.88mg/L, which appeared to be higher than expected. After decreasing the colistin dose, the patient’s
renal function gradually improved. On the final day of colistin treatment, the plasma levels decreased to
0.60mg/L.. MDRP could not be detected in blood culture after colistin treatment. Therefore, we successfully
treated a case of bloodstream infection due to MDRP by therapeutic drug monitoring (TDM) of colistin. It
is suggested that the monitoring of blood colistin levels by liquid chromatography-tandem mass spectrometry
can contribute to safer, more effective antimicrobial therapy of MDRP because TDM facilitates quick deci-

sions on dese adjustments.
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Colistin, known as an “old™ antibiotic, has recently been
reintroduced in clinical practice'™ because of the increased
emergence of infections caused by multidrug-resistant Gram-
negative bacteria.*® Colistin was originally developed in
lapan in the 1940s-1950s; however, initial studies reported ad-
verse reactions, including nephrotoxicity or peripheral nervous
system disorders.” Because of these adverse events and the
introduction of safer antibiotics, clinical use of colistin was
abandoned in Japan in 1990.

On the other hand, some reports have indicated the useful-
ness of colistin against multidrug-resistant Pseudomonas ae-
ruginosa (MDRP) infection.®¥

Therapeutic drug monitoring (TDM) is a method used for
determining the blood concentrations of drugs and optimizing
the dose. Although a few case reports®” have been published
on TDM of colistin, these data were retrospectively deter-
mined after the end of treatment. To the best of our knowl-
edge, this is the first report on a case in which TDM-based
dosing optimization of colistin was applied to treat an MDRP
bloodstream infection.

As for the determination method of drug level, traditional
determination systems using high-performance liquid chro-
matography (HPLC) require time-consuming sample pre-

*To whom correspondence should be addressed.

treatment such as solid phase extraction and derivatization
of colistin because of its poor UV absorption and no native
fluorescence.>” For the detection of colistin level in blood,
we utilized liquid chromatography-tandem mass spectrometry
(LC-MS/MS), a widely used technology for determination of
drug concentrations because of its high sensitivity and se-
lectivity, which enabled us to monitor and maintain optimal
blood calistin levels. The retention time of colistin on HPLC
and LC-MS/MS is 15min® and 3min, respectively. Further-
more, it requires relatively little time to detect colistin. Prompt
monitoring to ensure appropriate plasma colistin levels will
contribute to more favorable treatment because patients suffer-
ing from MDRP infections are at a risk of rapid deterioration
and thus require early treatment. Here we report a case in
which colistin dose was carefully adjusted using TDM.

PATIENTS AND METHODS

Plasma Colistin Determination Plasma colistin levels
were determined using LC-MS/MS using the method reported
by Jansson er al'® with slight modification. In brief, 180zL
of plasma was spiked with 20uL of colistin working solution
(100, 50, 25, 12.5, and O0mg/L), and polymyxin B was used as
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Fig. 1.

Investigation of the Synergistic Effects of Antibiotics with Colistin Using the Breakpoint Checkerboard Plate

This assay is usually performed to evaluate the in virro effects of the combination of multiple antibiotics against isolated MDRP in blood from this patient. Numbers
mean concentration {mg/L) of each antibiotics which showed inhibitory effects against isolated strain. MEPM, meropenem; CAZ, ceftazidime; AZT, aztrecnam; PIPC,

piperacillin, AMK, amikacin: REP, rifampicin, CPFX, ciprofloxacin; CL, colistin.

the internal standard. The samples were mixed with equal vol-
umes of 0.1% trifluoroacetic acid in acetonitrile. After centrif-
ugation at 15000rpm for 15min, the supernatant was mixed
with an equal volume of 0.03% triflucroacetic acid in water.
Aliquots of the mixture (30 4Ly were applied to LC-MS/MS.

Ethics The present study was carried out in accordance
with the guidelines for the care for human study, and the
study protocol was approved by the ethics committee of the
Hokkaido University Hospital.

CASE REPORT

A 56-year-old woman (body height, 150cm and weight,
61.4kg) with systemic lupus crythematosus had bacteremia
due to MDRP. She had been treated with imipenem—cilastatin
IPM/CS; 500mg, twice daily) against extended-spectrum
beta-lactamase-producing Krebsiella preumoniae, tobramy-
cin (TOB; 2mg/kg, every 48h), which was the only sensitive
antibiotic for initially detected Pseudomonas aeruginosa, and
aztreonam (AZT, 1000mg, twice daily) for 57d. however,
MDRP was still detected in blood intermittently. On the other
hands, before detection in blood culture, MDRP was detected
in a urine sample (62d before the start of colistin treatment),
and the patient presented with pyelonephritis due to the bacte-
rial infection. Thus, the source of infection was thought to
be [rom urinary tract in this case. Multidrug susceptibility
tests using the breakpoint checkerboard plate method dem-
onstrated that MDRP was susceptible only to colistin, whosc
minimum inhibitory concentration against MDRP was equal

to or less than 1mg/L (Fig 1). Therefore, in addition to AZT,
intravenous colistin (as a prodrug formula) was initiated at a
daily dose of 2.5mg/kg (as colistin base activity, Fig. 2). The
initial dose setting of colistin was based on the guidelines of
the Japanese Society of Chemotherapy for the appropriate use
of colistin (released on July 2012). Prior to the administration
of colistin, N-acetyl-f-pD-glucosaminidase (NAG) levels in
urine were 39.4U/L and the urinary creatinine-adjusted value
(NAG/Cre) was 158. Fight days after starting colistin, NAG
and NAG/Cre levels were markedly elevated to 75.3 /L and
290, respectively (Fig. 3). On the first day of colistin adminis-
tration, serum creatinine levels and creatinine clearance (CCr,
calculated using the Cockeroft—Gault equation) were 1.86mg/
dL and 32.7mL/min, respectively. Until day 14 after initiat-
ing colistin, serum creatinine levels increased gradually to
277mg/dL and CCr was 23.6mL/min. ‘On day 13, the trough
levels of colistin were found to be higher (7.88mg/L) than
expected” (Fig. 3). Therefore. the daily dosage of colistin was
decreased to 1.5mg/kg: however, the patient’s serum creati-
nine levels remained high for approximately 48h, after which
her renal [unction recovered, showing serum creatinine levels
of 1.36mg/dL on the day after decreasing colistin dosage
(day 20, Fig. 2). On days 8, 14 and 22 after initiating colistin,
MDRP could not be detected in her blood. Moreover, MIDRP
could not be detected in the blood culture even one week after
the end ol colistin treatment. Colistin was continued for 21d
and the C-reactive protein (CRP) levels markedly decreased
from 13.75 to 2.47mg/dL. Overall, the colistin treatment was
clinically and bacteriologically effective. Meanwhile, 10d
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Fig. 2. Clinical Course of This Case

Colistin was initiated against blood-stream infection of MDRP. After starting colistin, MDRP in blood was disappeared on the day &. Although this patient fell into
septic shock evoked by MRSA infection (day 11, arrow), which was improved after starting daptomycin (DAP). BT, body temperature; CRP, C-reactive protein
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Fig. 3.

Change of Renal Function and Plasma Colistin Level during the Antimicrobial Treatment

Renal function got worse after MRSA-evoked septic shock (day 11, arrow). NAG, N-acetyl-f-p-glucosaminidase; CRE, creatinine; s-cre, serum creatinine; CCr. creati-

nine clearance.

after starting colistin, the patient fell into septic shock owing
to methicillin-resistant Staphylococcus aureus (MRSA) infec-
tion. A subcutaneous abscess caused by MRSA under the su-
tured wound because of the aortic valve replacement after de-
veloping congestive heart [ailure was thought to be the source
of MRSA sepsis. On this day, ceftazidime was started for
the reinforcement of the treatment against the Gram-negative
bacterial infection. After starling daptomycin (DAP), CRP

and BT levels decreased markedly (Fig. 2). On the last day of
colistin treatment, her BT and CRP levels had improved and
her renal function recovered to nearly normal levels.

DISCUSSION

The emergence of MDRP is becoming one of the major
clinical issues in nosocomial infections, particularly in eriti-
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cally ill patients. Colistin is considered the first line drug for
MDRP but has not yet been approved in Japan. We therefore
obtained a parenteral formula of colistin [as the prodrug
colistin methanesulfonate (CMS)] from a pharmaceutical
company outside Japan. Recently, Mizuyachi et /' reported
the pharmacokinetic profiles of colistin and CMS in healthy
Japanese male subjects, and Couet ez /'® reported the results
in healthy Caucasian subjects. The plasma half-life (z,,) of
colistin is estimated to be approximately 3h. However, in a
study of critically ill patients, #,, of colistin was prolonged up
to 14.4h." In the previous study, a strong inverse trend was
observed between steady-state plasma colistin levels and cre-
atinine clearance. Thus, renal dosage and interval adjustment
in colistin treatment are required, particularly for patients
with kidney dysfunction.

A prospective observational cohort study demonstrated that
trough plasma levels of colistin is an independent risk factor
for nephrotoxicity'® and that trough plasma colistin levels of
3.33mg/L on day 7 best predicted acute kidney injury (AKI).
Information on the plasma levels of colistin will be helpful
for future dosing recommendations. To promptly determine
the colistin trough level, we utilized a new method based on
LC-MS/MS without time-consuming preparation. We expe-
rienced trough colistin levels as high as 7.88mg/L on day 13
after starting colistin treatment. The patient’s renal function
tended to worsen, with creatinine clearance decreasing to
23.8mL/min because of sepsis evoked by MRSA bloodstream
infection; however, this transient renal dysfunction may have
been partly due to colistin.

From day 14 after initiation of DAP for MRSA-induced
sepsis, the patient’s renal function recovered gradually. On
day 20 after starting colistin treatment, plasma colistin levels
were decreased by 0.61mg/L; this decline was thought to be
due to the recovery of her creatinine clearance.

If the plasma levels of colistin are below the MIC value
for a very large proportion of the dosage interval, there is a
possibility that the treatment has failed.® In the present case,
MDRP in the blood culture was negative even one week after
the end of colistin treatment. Her CRP level was remained
lower than that on the day of starting colistin treatment, sug-
gesting bacteriological and clinical effectiveness of colistin
in this case. In addition, although the NAG/CRE value was
examined only 2 points (Fig. 2), her daily urinary volume re-
covered to normal level (day 13 of colistin treatment, 150mL,
day 20, 2200mL) after decreasing the colistin daily dose, sug-
gesting that dose optimization of colistin is effective. These
effects were due to TDM-based dosing of colistin, which con-
tribute to avoid worsening of the renal function. Thus, TDM-
based dosing of colistin is beneficial for patient safety. We
were able to use colistin in a safer and more effective manner
with TDM than without it. TDM-based colistin therapy will
be a strong method for the patients suffering from MDRP.

Conflict of Interest The authors declare no conflict of
interest.
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Platelets Regulate the Migration of Keratinocytes
via Podoplanin/CLEC-2 Signaling during
Cutaneous Wound Healing in Mice

Jun Asai,* Satoshi Hirakawa,’ gun—ichi Sakabe,’ Tsunao Kishida, Makqto Wada,* Naomi Nakamura,* Hideya Takenaka,*
Osam Mazda,! Tetsumei Urano,® Katsue Suzuki-Inoue,? Yoshiki Tokura,” and Norito Katoh*

From the Departments of Dermatology* und Immuiwlogy,i Kyoto Prefectural University of Medicine, Kyoto; the Departments of Dermattalogfr and
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University of Yamanashi, Kofu, Japan

Podoplanin is an endogenous ligand for C-type lectin-like receptor 2 (CLEC-2), which is expressed on
platelets. Recent evidence indicates that this specific marker of lymphatic endothelial cells is also
expressed by keratinocytes at the edge of wounds. However, whether podoplanin or platelets play a role
in keratinocyte activity during wound healing remains unknown. We evaluated the effect of podoplanin
expression levels on keratinocyte motility using cultured primary normal human epidermal keratinocytes
(NHEKs). Down-regulation of podoplanin in NHEKs via transfection with podoplanin siRNA inhibited
their migration, indicating that podoplanin plays a mandatory role-in this process. In addition, down-
regulation of podoplanin was correlated with up-regulation of E-cadherin, suggesting that podoplanin-
mediated stimulation of keratinocyte migration is associated with a loss of E-cadherin. Both the
addition of platelets and treatment with CLEC-2 inhibited the migration of NHEKs. The down-regulation
of RhoA activity and the up-regulation of E-cadherin in keratinocytes were also induced by CLEC-2. In
conclusion, these results suggest that podoplanin/CLEC-2 signaling regulates keratinocyte migration via
modulating E-cadherin expression through RhoA signaling. Altering the regulation of keratinocyte
migration by podoplanin might be a novel therapeutic approach to improve wound healing.
(Am J Pathol 2016, 186: 101—108; http://dx.doi.org/10.1016/j.qjpath.2015.09.007)

of Medicine, 465 Hirokoji,
‘Kawaramachi Kami

Podoplanin, a small 38-kDa mucin-type transmembrane
glycoprotein, is expressed in kidney podocytes (the origin of
its nomenclature), type I lung alveolar epithelial cells, and
lymphatic endothelial cells.'” Recently, podoplanin has
been implicated in tumor progression.” ® Podoplanin
expression is up-regulated in the invasive front of several
human carcinomas, including squamous cell carcinomas of
the oral cavity, lung, and skin.”® The expression of this
glycoprotein is comrelated with the down-regulation of the
cell-cell adhesion protein E-cadherin,” which leads to tumor
invasion via stimulation of the epithelial-mesenchymal
transition. In addition to tumor cells, epidermal keratino-
cytes express podoplanin under several pathological con-
ditions, such as wound healing and psoriasis.'™'" However,
the role of podoplanin in normal epidermal keratinocytes
during wound healing remains unknown.

Copyright © 2016 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/}.aipath.2015.09.007

C-type lectin-like receptor 2 (CLEC-2) is a receptor for
the platelet-activating snake venom, 1"hodocytin.12 Podo-
planin was identified as an endogenous ligand for CLEC-2"
and induces platelet aggregation by binding to CLEC-2.
This contributes to thrombosis/hemostasis, lymphangio-
genesis, and tumor metastasis.'>'* During wound healing
processes, platelet aggregation and clot formation are
the initial steps of tissue regeneration. Platelet-rich
aggregates release various growth factors and cytokines
to promote wound healing. Platelet lysates stimulate the
proliferation and migration of immortalized HaCaT
kerati.nocytes,,15 although this cell line does not express
podoplanin.l(’ However, the physiological significance of

Supported by JSPS KAKENHI grant 25461674 (J.A.).
Disclosures: None declared.
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the podoplanin/CLEC-2 interaction between platelets and
normal keratinocytes remains to be investigated.

Herein, we investigated the function of podoplanin in
normal keratinocytes, with special focus on the alterations in
motility induced by podoplanin siRNA and the interaction
between platelets and keratinocytes. The results suggest that
podoplanin plays a mandatory role in keratinocyte migration
and that platelets inhibit the migration of keratinocytes.
We further determined that the regulatory effects of
platelets on keratinocytes were mediated by podoplanin/
CLEC-2 signaling.

Materials and Methods

Wound Induction

Male C57BL/6 mice used in this study were between 8 and
10 weeks of age at the time of the study. Wounds were
induced as described previously.!” *° In brief, after induc-
tion of deep anesthesia by i.p. injection of 160 mg/kg sodium
pentobarbital, full-thickness excisional skin wounds were
made on the backs of mice using 8-mm skin biopsy punches,
with one wound generated in each mouse. Each wound was
coverced with scmipermeable polyurcthanc dressing (OpSite;
Smith and Nephew, Massillon, OH). Wound tissues were
harvested on days 1, 3, 7, and 10 after wound induction. All
animal protocols were approved by the Kyoto Prefectural
University of Medicine (Kyoto, Japan) Institutional Animal
Care and Use Committee, and were consistent with the Guide
for the Care and Use of Laboratory Animals.”"

Cell Culture

Primary normal human epidermal keratinocytes (NHEKSs;
Kurabo, Osaka, Japan) were cultured in HuMedia-KG2
serum-free medium (Kurabo).

Platelet Preparation

Venous blood from a healthy drug-free patient, who was
scheduled to have plastic surgery, was collected into 10%
sodium citrate at the time of their blood test. This study was
approved by the Ethical Committee of the Kyoto Prefectural
University of Medicine, and written informed consent was
provided according to the Declaration of Helsinki. Platelets
were obtained by centrifugation, as described previously,
using prostacyclin to prevent activation during the isolation
procedure. 22

SiRNA Transfection

Control or podoplanin siRNA (50 nmol/L; Hs[lowen]PDPN
[lowen]l FlexiTube siRNA. catalog number SI03060260;
Qiagen, Diisseldorf, Germany) was transfected into NHEKs
using Lipofectamine RNAIMAX (Invitrogen, Carlsbad,
CA), according to the manufacturer’s protocol. For RT-PCR

102

Figure 1  Time-dependent expression of podoplanin in keratinocytes
during wound healing. Green and blue fluorescence corresponds to
podoplanin-positive cells and DAPI-labeled nuclei, respectively. Wound
edge during the inflammatory phase (day 1; A), during the tissue formation
phase (day 3; B), at the period of transition from the tissue formation phase
to the tissue remodeling phase (day 7; C), and at the end of the tissue
remodeling phase (day 10; D). The asterisk indicates platelet aggregates
covering the surface of the wound; yellow arrows, the leading edge of the
epidermis; white arrows, the basal cell layer of the epidermis at the wound
edge. Scale bars: 50 pm (A—D). Original magnification, x100 (A—D).
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and the scratch wound assay, cells were used 24 hours after
transfection.

Immunofluorescence Staining

Sections of wounds were stained with a hamster anti-mouse
podoplanin antibody (Angiobio, Del Mar, CA). Podoplanin
labeling was visualized with a fluorescein-conjugated anti-
hamster antibody (Vector Laboratories, Burlingame, CA).
E-cadherin and N-cadherin expression was evaluated using
goat anti-mouse E-cadherin and N-cadherin antibodies

Figure 2  Efficacy of podoplanin siRNA in
normal human epidermal keratinocytes (NHEKs).
NHEKs were harvested 24, 36, and 72 hours after
transfection. A: Quantitative RT-PCR of podo-
planin mRNA in NHEKs treated with control or
podoplanin siRNA. B: Western blot analysis of
podoplanin protein expression in NHEKs treated
with control or podeplanin siRNA. C: The effects
of podoplanin down-regulation on NHEK migra-
tion. The migration of NHEKs transfected with
control or podoplanin siRNA was investigated by the
scratch wound assay. D: Graphical presentation of the
wound closure areas, quantified as described in
Materials and Methods. E: RhoA activity of NHEKs
measured by the Great Lakes Integrated Sciences +
Assessments Center assay. Control or podoplanin
siRNA transfected cells were harvested at 24 hours
after transfection. *P < 0.05, ***P < 0.001 versus
control siRNA. n = 6 in each group (Aand D);n = 3
in each group (B and E). GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; HPF, high-power field;
RE, relative expression.

NHEKs at the indicated concentrations, and cells were
harvested after 24 hours. Podoplanin, E-cadherin, and
N-cadherin mRNA levels were normalized on the basis of
the level of 183, an internal reference gene. The primers
used in the study were obtained from Qiagen (podoplanin,
catalog number QT01015084; E-cadherin, catalog number
QT00080143; N-cadherin, catalog number QT00063196;
188, catalog number QT00199367).

SDS-PAGE and Western Blot Analysis

(R&D Systems, Mmneapolis, MN), respectively, and a Cy3-
conjugated anti-goat antibody (Vector Laboratories). Plate-
lets were evaluated using a rat monoclonal anti-mouse
CD41 antibody (AbD Serotec, Oxford, UK) labeled with a
Cy3-conjugated anti-rat antibody (Vector Laboratories).
NHEKs treated with 100 ng/mL. CLEC-2 or vehicle for 72
hours were stained with a mouse polyclonal anti-human
E-cadherin (R&D Systems), rabbit ‘monoclonal B-catenin
(Abcam, Cambridge, UK), or rabbit polyclonal N-cadherin
(R&D Systems) antibody labeled with fluorescein
isothiocyanate—conjugated anti-mouse or anti-rabbit
antibodies (Vector Laboratories), as appropriate.

RNA Isolation, cDNA Synthesis, and Quantitative
Real-Time PCR

RNA was extracted using ISOGENII (Nippon Gene,
Toyama, Japan), according to the manufacturer’s in-
structions, and processed for cDNA synthesis and quanti-
tative RT-PCR, as previously described.'” To evaluate the
efficacy of podoplanin siRNA, NHEKs were harvested 24
and 36 hours after transfection. To evaluate the effects of
platelets on NHEKs, NHEKSs were harvested 24 hours after
the addition of 2.0 x 10° platelets/mL. Recombinant human
CLEC-2 (hCLEC-2; R&D Systems) was added to cultured
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Cells were lysed with radioimmunoprecipifation assay buffer
(Invitrogen) and sonicated. After sonication, cell lysates were
centrifuged at 13,000 x g for 20 minutes at 4°C, and the
supernatants were collected into fresh tubes. We then added
4x SDS sample buffer with 0.1 mol/L. dithiothreitol to each
sample. Samples were heated for 5 minutes at 95°C, and 20
pg protein was separated by 10% SDS-PAGE and electro-
blotted onto polyvinylidene difluoride membranes for 2
hours at 180 mA. The membranes were incubated with a
1abbit anti-human podoplanin polyclonal antibody (R&D
Systems) or a mouse anti-glyceraldehyde-3-phosphate
dehydrogenase monoclonal antibody (Santa Cruz Biotech-
nology, Dallas, TX) and detected with horseradish
peroxidase—conjugated goat anti-rabbit IgG (Bio-Rad,
Hercules, CA) or horseradish peroxidase—conjugated goat
anti-mouse IgG (Bio-Rad). Immunoblots were visualized
using an ECL Plus Western Blotting Detection Reagents
Kit (GE Healthcare, Little Chalfont, Buckinghamshire,
UK), according to the manufacturer’s protocol.

Scratch Wound Assay

Scratch wounds were generated in confluent monolayers of
NHEKSs by using a 1-mL pipette tip. To evaluate the effects
of podoplanin siRNA, NHEKSs were used 24 hours after the
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Figure 3  Cadherin expression in normal human epidermal keratinocytes
(NHEKs) and keratinocytes at the wound edge. A: Quantitative RT-PCR of
E-cadherin and N-cadherin mRNA in NHEKs transfected with control or
podoplanin siRNA. B: Representative images of the immunostained wound
edge at 3 days after wound generation. Red and green correspond to
E-cadherin (left panels) or N-cadherin (right panels) and podoplanin,
respectively. Blue fluorescence indicates DAPI-labeled nuclei. The yellow
arrows indicate the leading edge of the epidermis; white arrows, basal cell
layer of the epidermis at the wound edge. *P < 0.05 versus control siRNA.
n = 6 in each group (A). Scale bar = 50 pm (B). Original magpnification,
%200 (B). RE, relative expression.

transfection. After washing away suspended cells, cultures
were refed with medium. To evaluate the effects of platelets
or CLEC-2 on NHEKs, 2.0 x 10° platelets/mL, or 10, 100,
or 250 ng/mL. hCLEC-2 was added to the NHEKs,
respectively. Cell migration into the wound space was
estimated at 18 hours after wounding. Images were analyzed
using ImageJ software version 1.47v (NIH, Bethesda, MD;
http/ffimagej.nih. gov/in* by tracing the wound margin with
a high-resolution computer mouse and calculating the total
pixel area.

Measurement of RhoA Activity

The direct activation of RhoA was evaluated using ELISA
based small G-protein activation (G-LISA) assay (Cyto-
skeleton Inc., Denver, CO), according to the manufacturer’s
protocol. Briefly, NHEKS at 30% to 50% confluence, seeded
onto 12-well flat-bottomed plates, were treated with 100
ng/mL CLEC-2. After incubation for 1, 5, 10, or 30 minutes
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at 37°C, cells were treated with lysis buffer. Rho-GTP in the
cell lysate was detected using a RhoA G-LISA kit. The
absorbance at 490 nm was recorded using a 96-well
enzyme-linked immunosorbent assay plate reader.

Statistical Analysis

All results are presented as the means + SEM. Statistical
comparisons between two groups were performed by z-test.
Multiple groups were analyzed by one-way analysis of
variance, followed by appropriate post hoc tests to determine
statistical significance. P < 0.05 was considered significant.
All in vitro experiments were performed at least in triplicate.

Results

Expression of Podoplanin by Keratinocytes during
Wound Healing

To evaluate the time-dependent expression of podoplanin
during wound healing, full-thickness wounds were generated
on the dorsal skin of mice (Figure 1). Podoplanin expression
started to be observed at day 1, which represented the in-
flammatory phase in the wound healing process. Podoplanin
expression was highly up-regulated at days 3 and 7 after

e

A Day1 B Day3

Podoplanin

Merged

Figure 4  Direct interaction of platelets and keratinocytes during wound
healing. Green, red, and blue fluorescence corresponds to podoplanin-
positive cells, CD41-positive cells (platelets), and DAPI-labeled nuclei,
respectively. Wound edge during the inflammatory phase (day 1; A) and
during the tissue formation phase (day 3; B). White arrows indicate the
accumulation of platelets on the basal cell layer of the epidermis at the
wound edge. Scale bar = 50 pm (A and B). Original magnification, x100
(A and B).
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Figure 5  Effects of platelets on keratinocyte motility. A: Migration of normal human epidermal keratinocytes (NHEKs) treated with either 2.0 x 10°
platelets/mL or vehicle was investigated by the scratch wound assay. Graphical presentation of the wound closure area, quantified as described in Materials and
Methods. B: Graphical representation of the wound closure area after treatment with 10, 100, or 250 ng/mL human C-type lectin-like receptor 2 (hCLEC), or
with vehicle, quantified as described in Materials ond Methods. C: Quantitative RT-PCR of E-cadherin mRNA in NHEKs treated with 100 ng/mbL hCLEC-2 or
vehicle. D: Immunofluorescence staining of E-cadherin, B-catenin, and N-cadherin of NHEKs treated with 100 ng/mL CLEC-2. E: RhoA activity of NHEKs
measured by the Great Lakes Integrated Sciences -+ Assessments Center assay. To each culture, 100 ng/mL hCLEC-2 was added, and cells were harvested at the

indicated time point. *P < 0.05 versus control siRNA. » = 6 in each group (A—C); n =

RE, relative expression.

wounding, and it had decreased by day 10 when the wound
was completely closed.

Effects of Podoplanin siRNA on NHEKs

To examine the efficacy of podoplanin siRNA, podoplanin
mRNA and protein levels were analyzed by quantitative
RT-PCR and Western blot analysis, respectively. Trans-
fection of podoplanin siRNA into NHEKSs resulted in sig-
nificant decrements in both the mRNA (Figure 2A) and
protein (Figure 2B) levels up to 72 and 36 hours after
transfection, respectively, compared with those after trans-
fection of the control siRNA (P < 0.001).

We npext investigated the effects of down-regulating
podoplanin on the motility of NHEKs using the scratch
wound assay (Figure 2C). Twenty-four hours after trans-
fection with podoplanin siRNA, a scratch wound was
generated on a confluent monolayer of NHEKs and the non-
cell area was measured. Eighteen hours after the scratch, the
non-cell area was again measured. The wound closure area
was analyzed by subtracting the latter from the former area.
Podoplanin siRNA transfection significantly inhibited the
migration of NHEKs by 40% (Figure 2D). To confirm
that these results were induced specifically by podoplanin
down-regulation, we performed the experiments using
a different podoplanin siRNA (Hs[lowen]T1A-2[lowen]7,
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3 in each group (E). Scale bar = 50 um (D). HPF, high-power field;

catalog S102625049; Qiagen) and obtained similar results
(Supplemental Figure S1).

To evaluate the mechanisms of podoplanin-mediated
cell motility, RhoA activity, which is one of the key media-
tors of cell migration, was directly measured by G-LISA.
RhoA activity was down-regulated by podoplanin siRNA
knockdown (Figure 2E), suggesting that podoplanin mediates
keratinocyte motility partly via the RhoA signaling pathway.

Because the down-regulation of E-cadherin and the up-
regulation of N-cadherin promote cell motility and the
epithelial-mesenchymal transition in several tumor cells,”!
we next investigated the relationship between podoplanin
and E- or N-cadherin in cultured NHEKs and epidermal
keratinocytes at the wound edge. Down-regulation of
podoplanin by siRNA significantly up-regulated the E-
cadherin transcriptional level of NHEKS, whereas no sig-
nificant change was observed in N-cadherin expression
(Figure 3A). Similarly to the results in cultured NHEKS,
podoplanin and E-cadherin expression showed inverse
correlation in keratinocytes at the wound edge (Figure 3B).
At the basal cell layer, keratinocytes showed strong
expression of podoplanin and weak expression of E-cadherin,
and at the upper layer, they exhibited weak podoplanin and
strong E-cadherin expression. In addition, podoplanin and
N-cadherin expression appeared to be mostly colocalized
(Figure 3B).
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Figure 6 Potential functional mechanisms of platelets on wound
healing. One of the important functions of platelets on wound healing is to
delay re-epithelialization until wound bed preparation is completed. A:
During the inflammatory phase, platelets inhibit re-epitheliatization on the
surface of immature granulation tissue by regulating podoplanin function
via C-type lectin-like receptor 2 (CLEC-2). B: During the tissue formation to
the remodeling phase, after platelet aggregates are replaced by granulation
tissue and bleeding has stopped, the expression of podoplanin is up-
regulated and re-epithelialization proceeds via RhoA activation and loss
of E-cadherin.

Taken together, these results indicate that podoplanin
down-regulation resulted in decreased NHEK migration
with up-regulation of the cell-cell adhesion molecule,
E-cadherin.

Effect of Platelets on NHEK Motility

Podoplanin is an endogenous ligand for CLEC-2'* and in-
duces platelet aggregation by binding to this receptor.'***
Therefore, we sought to determine the role of the
podoplanin/CLEC-2 interaction in the effects of platelets on
keratinocytes. First, we evaluated the direct adhesion of
platelets onto keratinocytes by immunofluorescence stain-
ing (Figure 4). One day after wounding, which represents
the inflammatory phase of the wound healing process,
CD41-positive platelets were observed to be localized at the
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upper dermis and the basal layer of keratinocytes at the
wound edge; podoplanin expression in keratinocytes was
not clearly up-regulated. Three days after wounding, which
represents the tissue formation phase, the localization of
platelets on the upper dermis and the basal cell layer
decreased and podoplanin expression in keratinocytes at the
wound edge was markedly up-regulated. These findings
provided evidence of functional interaction between plate-
lets and keratinocytes. We next investigated the effects of
platelets on the motility of NHEKS using the scratch wound
assay. After generation of a scratch wound on confiuent
NHEKSs using a pipette tip, 2.0 x 10° platelets/mL were
added. Platelets significantly inhibited the migration of
NHEKs by 40% (Figure 5A). To evaluate whether the
interaction between podoplanin/CLEC-2 contributed to the
inhibition of NHEK migration by platelets, 10, 100, or 250
ng/ml. hCLEC-2 was added to the NHEK culture. The
addition of hCLEC-2 inhibited the migration of NHEKSs in a
dose-dependent manner (P < 0.05) (Figure 5B) and
up-regulated E-cadherin mRNA (Figure 5C). E-cadherin
up-regulation was confirmed by immunofluorcscence
staining. The E-cadherin signal was strongly positive at the
peripheral area of the NHEKSs, whereas no significant
change was observed in B-catenin and N-cadherin expres-
sion (Figure 5D).

Because RhoA is one of the key mediators of cell
migration, RhoA activity was directly measured by G-LISA.
RhoA activity was down-regulated by hCLEC-2 from 1 to
30 minutes after treatment (Iigure 5E), suggesting that the
regulatory effect of platelets on keratinocyte motility was
partly mediated by down-regulating RhoA activity and by
losing E-cadherin expression via the podoplanin/CLEC-2
signaling pathway.

The effects of major platelet releasates, such as bone
morphogenetic protein-9, PF4, angiostatin, or endostatin, on
keratinocyte migration were also examined. However, none
of these platelet releasates modulated the migration of
NHEKSs or podoplanin mRNA levels (data not shown).

Overall, these results indicated that platelets down-
regulated the function of podoplanin, leading to impaired
motility of NHEKSs in a CLEC-2—dependent manner.

Discussion

In this study, the possible functional mechanisms of podo-
planin on keratinocytes in wounds were demonstrated. We
observed that the expression of podoplanin began to increase
shortly after wounding, and reached its peak after several
days when bleeding had stopped and the platelet-rich clot
was replaced by granulation tissue. Podoplanin up-regulation
at the wound edge is thought to be mediated by STAT3b
signaling.’” Down-regulating podoplanin decreased the
motility of Keratinocytes, which is essential for re-
epithelialization during wound healing. Wound healing is a
dynamic, interactive process involving soluble mediators,
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blood cells, extracellular matrix, and parenchymal cells.”

Wound healing has three phases—inflammation, tissue for-
mation, and tissue remodeling—that overlap in time.
Commonly, re-epithelialization is seen from the middle of the
tissue formation phase to the end of the tissue remodeling
phase, but is not seen in the inflammation phase. Our findings
that podoplanin was up-regulated at the time of re-
epithelialization and that its disruption altered keratinocyte
behavior suggested that podoplanin plays a pivotal role in
re-epithelialization.

E-cadherin is a transmembrane glycoprotein and a
mediator of calcium-dependent cell-cell adhesion in normal
cells.”® Several studies have reported that reduced expres-
sion of E-cadherin correlates with the expression of
podoplanin and a poor prognosis in squamous cell carci-
noma.”*"** This suggests that the presence of podoplanin in
oral squamous cell carcinoma cells is related to a migratory/
invasive phenotype.’ Thus, podoplanin might mediate cell
motility via down-regulation of E-cadherin that contrib-
utes to the loss of cell adhesion in squamous carcinoma
cells. Our study is, perhaps, the first to report that this
migratory function of podoplanin is not restricted to
tumor cells and is also found in normal keratinocytes
during wound healing.

Platelets have multiple roles in wound healing.”> During
the initial step, tissue injury canses the disruption of blood
vessels and extravasation of blood constituents. The blood
clot re-establishes hemostasis and provides a provisional
extracellular matrix for cell migration. Platelets not only
facilitate the formation of a hemostatic plug but also secrete
several mediators of wound healing, such as platelet-derived
growth factor, that attract and activate macrophages and
fibroblasts, which promote granulation tissue formation.”
However; the effects of platelets on keratinocytes are not
well understood. A single study reported that platelet lysates
stimulated the migration and proliferation of keratino-
cytes.'"” However, the keratinocytes used therein were
immortalized HaCaT cells, in which podoplanin is not
expressed at basal levels."” Although we did not evaluate
the podoplanin expression in HaCaT cells under platelet
lysate exposure, we suggest that the stimulatory effects of
platelets in that study might have been mediated instead by
several growth factors released by platelets. On the basis of
these findings, we evaluated whether platelets were involved
in the migratory function of keratinocytes in wound healing,
because platelets contain the CLEC-2 receptor. Our results
indicate that platelets down-regulated podoplanin function,
which led to a reduction in keratinocyte motility.

According to previous reports”>” and our present find-
ings, we speculate that one of the important functions of
platelets on wound healing is to delay re-epithelialization
until wound bed preparation is completed (Figure 6). Dur-
ing the inflammatory phase, the wound bed is concave. Re-
epithelialization within the depressed wound bed results in a
severe scar. To prevent this, the platelet-rich aggregates
promote the formation of granulation tissue that inhibits re-
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epithelialization on. the surface of immature granulation
tissue. During the tissue-remodeling phase, after platelet
aggregates are replaced by granulation tissue and bleeding
has stopped, the expression of podoplanin is up-regulated
and re-eplﬂlehahzaUOn proceeds.

Finally, we evaluated whether the inhibitory effects of
platelets on the motility of keratinocytes was because of
direct 31gnalmg via CLEC-2 on podoplanin. In accordance
with this supposition, we found that the administration of
CLEC-2 decreased the motility of keratinocytes. Our results
suggest that the concomitant up-regulation of E-cadherin
expression and down-regulation of RhoA activity might be
possible mechanisms of this inhibitory effect. In addition, a
previous report indicated that the podoplanin/CLEC-2
interaction inhibited functions of lymphatic endothelial
cells, such as proliferation, migration, and tube formation.*”
Of these, migration was thought to be inhibited partly
through a contact-dependent mechanism because recombi-
nant CLEC-2 inhibited the migration of lymphatic endo-
thelial cells. However, most of these inhibitory effects were
because of bone morphogenetic protein-9 released from
platelets that became activated via the podoplanin/CLEC-2
interaction. In' accordance with these observations, we
investigated which platelet releasate was involved in the
inhibitory effects of these cells on keratinocytes. Surpris-
ingly, none of the platelet releasates tested, including bone
morphogenetic protein-9, PF4, angiostatin, and endostatin,
influenced the effects of podoplanin on keratinocytes, sug-
gesting that the effects and mechanisms of podoplanin/
CLEC-2 signaling in keratinocytes differed from those of
platelet releasates.

In conclusion, the current study, although still specula-
tive, provides data showing some possible mechanisms by
which platelets might function as an inhibitory mediator on
the motility of keratinocytes during wound healing. In
addition, we demonstrated that podoplanin plays a pivotal
role in re-epithelialization. Thus, the modulation of podo-
planin might have therapeutic potential for treating impaired
wound healing, such as occurs with diabetic foot ulcers.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/.ajpath.2015.09.007.
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Inhibition of IgE-mediated allergic reactions by
pharmacologically targeting the circadian clock
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Katsue Suzuki-inoue, MD, PhD,® Satoru Koyanagki, PhD,f Hideoki Ogawa, MD, PhD,® Ko Okumura, MD, PhD,?

Shigenobu Shibata, PhD,? and Atsuhito Nakao, MD, PhD*®

Background: The circadian clock temporally gates signaling
through the high-affinity IgE receptor (FceRI) in mast cells,
thereby generating a marked day/night variation in allergic
reactions. Thus manipulation of the molecular clock in mast
cells might have therapeutic potential for IgE-mediated allergic
reactions.

Obj ective: We determined whether pharmacologically resetting
the molecular clock in mast cells or basophils to times when
FceRI signaling was reduced (ie, when core circadian protein
period 2 [PER?2] is upregnlated) resulted in suppression of IgE-
mediated allergic reactions.

Methods: We examined the effects of PF670462, a selective
inhibitor of the key clock component casein kinase 18/¢, or
glhucocorticoid, both of which npregulated PER2 in mast cells,
on IgE-mediated allergic reactions both i vitro and in vivo.
Results: PF670462 or corticosterone (or dexamethasone)
suppressed IgE-mediated allergic reactions in mouse bone
marrow-derived mast cells or basophils and passive cataneous
anaphylactic reactions in mice in association with increased
PER?2 levels in mast cells or basophils. PF670462 or
dexamethasone also ameliorated allergic symptoms in a mouse
model of allergic rhinitis and downregnlated allergen-specific
basophil reactivity in patients with allergic rhinitis.
Conclusion: Pharmacologically resetting the molecular clock in
mast cells or basophils to times when FceRI signaling is reduced
can inhibit IgE-mediated allergic reactions. The results suggest
a new strategy for contrbl]ing IgE-mediated allergic diseases.
Additionally, this study suggests a novel mechanism underlying
the antiallergic actions of g]ucocorhcoxds that relies on the
circadian clock, which might provide a novel insight into the
pharmacology of this drug in allergic patients. (J Allergy Clin
Immunol 2015;umN:ENE-ENN,)
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The circadian clock plays a crucial role in the temg)orad
regulation of behavior and physiology, including immunity.
mammals the light-entrained central oscillator located in the su-
prachiasmatic nucleus (SCN) of the hypothalamus synchronizes
peripheral oscillators present in nearly all cell types, mcludmg
mast cells, through neural and endocrine pathways.” The
molecular mechanisms of rhythm generation are highly
conserved in the SCN and peripheral cells and created and main-
tained by interlocked transcriptional-translational feedback loops
with a 24-hour period.'™ The core feedback loop is driven by 4
clock proteins, 2 activators (circadian locomotor output cycles
kaput [CLOCK] and brain and muscle Ami-like 1 [BMALI))
and 2 repressors (period [PER] and cryptochrome [CRY]), as
well as kinases and phosphatases that regulate the localization
and stabxhty of these clock proteins (eg, casein kinase [CK]
18/e). Bneﬂy, CLOCK and BM AL heterodimerize and activate
transcription of the Perl and Per2 and Cryl and Cry2 genes, as
well as other clock-controlled output genes, through E-box or
E-box-like elements in the promoter regions of those genes.
The PER1/2 and CRY1/2 proteins, in turn, inhibit their own
expression by repressing CLOCK/BMAL1 activity. CK18 and
CKle play a critical role in the posttranslational modification
of the circadian timing system.® CK13 and CK1e phosphorylate
the PER proteins, leading to their ubiquitin-dependent degrada-
tion and determine the intrinsic period of the clock. Therefore
inhibition of CK18/¢ slows down PER protein tumover, deceler-
ates clock progression, and lengthens the circadian period.®

Recently, the circadian clock has been shown to drive a time of
day—dependent variation in IgE/mast cell-mediated allergic
reactions in mice.”"" The mast cell-intrinsic clock temporally
gates FeeRI signaling in mast cells: specifically, FceRI signaling
isreduced at times when the core clock protein PER?2 js highly ex-
pressed in mast cells (ie, during the active phase in mice)."' PER2
likely does so in mast cells by inhibiting CLOCK/BMALI activ-
ity, which regulates expression of the B subunit of FceRI
(FceRIB), an amplifier of FcBRI expression and signaling,'” in
a circadian manner through binding to the E-box-like elements
in the promoter region of FCERIB.""

Therefore we hypothesized that pharmacologically resetting
the molecular clock in mast cells to times when FeceRI
signaling is reduced (ie, when PER2 is upregulated) might
inhibit IgE-mediated allergic reactions. To test the hypothesis,
this study examined the effects of PF670462, a well-
established selective inhibitor of CK1d/e, which prevented
the degradation of PER2 and upregulated PER2 levels,*"*'* or
corticosterone, which upregulated Per2 mRNA and protein
levels in mast cells,'' on IgE-mediated allergic reactions
both in vitro and in vivo.
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Abbreviations used
BMALL!: Brain and muscle Amnt-like 1
BMMC: Bone marrow—derived mast cell
cAMP: Cyclic AMP
CK: Casein kinase
CLOCK: Circadian locomotor output cycles kaput
CRY: Cryptochrome
DEX: Dexamethasone
JCP: Japanese cedar pollen
OVA: Ovalbumin
PCA: Passive cutaneous anaphylaxis
PER: Period
SCN: Suprachiasmatic nucleus
ZT: Zeitgeber time

METHODS
For more information, see the Methods section in this article’s Online Re-
pository at www.jacionline.org.

RESULTS

PF670462 or corticosterone suppresses IgE-
mediated allergic reactions associated with
increased PER2 levels in mast cells in vitro

‘We examined the effects of PF670462 or corticosterone on

mast cell clockwork (PER2 levels) and IgE-mediated mast cell
reactions #n vitro. Based on monitoring of bioluminescent emis-
sion of bone marrow—derived mast cells (BMMCs) from Per2™
knock-in mice, which express PER2 as a luciferase fusion protein
(PER2YC BMMCs), ' under in vitro culture conditions, the time
window during which the mast cell clockwork was functional was
limited (0-48 howrs after a media change for synchronization;
Fig 1, A)."" Addition of PF670462 (10 pmol/L; a dose that
can inhibit both CK18 and CKle activity)'® or corticosterone
(300 nmol/L) 72 hours after the media change (ie, under unsyn-
chronized conditions) significantly increased PER2VC levels 4
hours later (Fig 1, A).

Atthat time point, PER2""C BMMCs were sensitized with IgE
and stimulated with anti-IgE antibody. IgE-mediated degranula-
tion was inhibited in both PF670462- or corticosterone-treated

PER2YC BMMCs in association with suppression of FceRI -

signaling (intracellular Ca*>* mobilization and total tyrosine phos-
phorylation of intracellular proteins; Fig 1, B-D). When PER2"YC
BMMCs were treated with PF670462 or corticosterone for 15 mi-
nutes 72 hours after the media change and then sensitized with
IgE, followed by stimulation with anti-IgE antibody, these
inhibitory effects were not observed, possibly excluding clock-
unrelated or other nonspecific effects (Fig 1, B-D). Similar find-
ings were observed in BMMCs from wild-type mice (see Fig Ei
in this article’s Online Repository at www.jacionline.org). Impor-
tantly, the suppressive effects were not observed in PER2-YC
BMMCs with a loss-of-function mutation in the key circadian
gene Clock (Clock®™4° PERZYC BMMCs),"” in which
PF670462 or corticosterone marginally increased PER2 levels
(Fig 1, A-D). Neither PF670462 nor corticosterone affected
cellular viability or baseline cellular bioenergetics of PER2MYC
BMMCs (see Figs E2 and E3 in this article’s Online Repository
at www.jacionline.org). Wild-type BMMCs indeed expressed
CK18 protein (see Fig E4 in this article’s Online Repository at
www jacionline.org). Thus resetting (or resynchronizing) the
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mast cell clock with PF670462 or corticosterone suppressed
IgE-mediated reactions associated with increased PER2 levels
in mast cells.

We also found that another CK18/¢ inhibitor; D4476,'® sup-
pressed IgE-mediated degranulation in wild-type BMMCs associ-
ated with increased PER2 levels (see Fig ES5 in this article’s
Online Repository at www.jacionline.org). Furthermore, neither
PF670462 nor corticosterone suppressed IgE-mediated degranu-
lation in BMMCs derived from mice with a loss-of-function mu-
tation of Per2 (mPerZ'"/ ™ mice; see Fig E6, 4, in this article’s
Online Repository at www.jacionline.org).'®

Additionally, we. found that a selective inhibitor of CKle,
PF4800567, which confers greater than 20-fold selective inhibi-
tion over CK18,'>* did not increase PER? levels and did not
affect IgE-mediated degranulation in PER2"UC BMMCs, sug-
gesting that inhibition of CK18 by PF670462 was more important
for this suppressive activity than inhibition of CK1e (see Fig E7 in
this article’s Online Repository at www jacionline.org).

PF670462 or corticosterone suppresses IgE-
mediated allergic reactions in IgE-sensitized mast
cells, as well as unsensitized mast cells, in vitro

‘We further examined the effects of PE670462 or corticosterone
on mast cells that were already sensitized with IgE. The time
window during which the mast cell clockwork was functional was
not affected regardless of whether mast cells were sensitized or
unsensitized with IgE (0-48 hours after a media change for
synchronization; see Fig E8, A, in this article’s Online Repository
at www.jacionline.org). Addition of PF670462 or corticosterone,
but not PF4800567, 72 hours after the media change (ie, under un-
synchronized conditions) significantly increased PER2-VC levels
4 hours later in IgE-sensitized PER2"UC BMMCs, as well as in
unsensitized PER2MYC BMMCs (see Fig ES, A).

At that time point, the PER2UC BMMC's were stimulated with
anti-IgE antibody. IgE-mediated degranulation was inhibited in
both PE670462- or corticosterone-treated, but not PF4800567-
treated, IgE-sensitized PER2"YC BMM(Cs (see Fig E8, B). Thus
PF670462 or corticosterone suppressed IgE-mediated degranula-
tion in mast cells in association with increased PER2 levels,
regardless of whether mast cells were sensitized or unsensitized
with IgE.

PF670462 or corticosterone suppresses FceRI
expression in mast cells

To investigate how PF670462 or corticosterone inhibited IgE-
mediated degranulation in mast cells, we examined the effects of
P670462 or corticosterone on cell-surface FceRI expression on
mast cells. Addition of PF670462 (10 wmol/L) or corticosterone
(300 nmol/L) 72 hours after the media change (ie, under
unsynchronized conditions) significantly suppressed FceRI
expression in wild-type, but not Clock-mutated or Per2-mutated,
BMMCs 4 hours but not 15 minutes after the treatments (Fig 1, E,
and see Fig E6, B). D4476 also suppressed FceRI expression in
wild-type BMMCs 4 hours but niot 15 minutes after the treatment
(see Fig E3, C). The inhibitory effects of PE670462 or corticoste-
rone on FceRl expression were also observed when
IgE-sensitized BMMCs were treated with PF670462 or cortico-
sterone, but not PF4800567, for 4 hours (see Fig E8, C). Further-
more, peritoneal mast cells isolated from wild-type mice 4 hours
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after the treatment with PF670462 (50 mg/kg per mouse) ex-
hibited reduced FceRI expression (Fig 1, F). Thus these reagents
likely suppressed IgE-mediated reactions in mast cells by down-
regulating FeeRT levels.

Importantly, wild-type BMMCs overexpressing PER2 by
retroviral vectors exhibited reduced cell-surface FceRI expres-
sion, IgE-mediated intracellular Ca®* mobilization, and degranu-
lation when compared with control BMMCs (see Fig E9, 4-D, in
this article’s Online Repository at www.jacionline.org).
Conversely, BMMCs from Per2-muated mice (mP(eer“’In mice)
exhibited increases in cell-surface FceRI expression and IgE-
mediated degranulation when compared with wild-type BMMCs
(see Fig B9, E and F). Collectively, it is plausible that PE670462-
or corticosterone-induced PER2 is critical for suppression of
FceRI expression and signaling in mast cells.

Aminophylline suppresses IgE-mediated allergic
reactions associated with increased PER2 levels in
mast cells in vitro

The circadian clock is reset by environmental time cues, such
as light, to synchronize with the external 24-hour cycles. The
molecular mechanisms of entrainment are not fully understood,
but the cyclic AMP (cAMP)/cAMP response element-binding
protein pathway induced by light or hormones is considered to be
important for signaling to entrain the SCN and peripheral clocks
by regulating expression of “clock genes.” ' Activation of cAMP
signaling increases transcription of Per2 through the cAMP-
responsive element in the promoter region of Per2 and regulates
PER2 protein levels.”!

To further test the hypothesis that pharmacologically resetting
the molecular clock in mast cells to times when FceRI signaling is
reduced (ie, when PER2 is upregulated) might inhibit IgE-
mediated allergic reactions, we examined the effects of aminoph-
ylline, an inhibitor of phosphodiesterases that activates cAMP
signaling,” on the circadian clock and FceRI expression/
signaling in mast cells.

Similar to PF670462 or corticosterone, aminophylline
increased PER?2 levels and inhibited FceRI expression and IgE-
mediated degranulation in wild-type, but not Clock-mutated,
BMMC:s 4 hours after the treatment (see Fig E10 in this article’s
Online Repository at www,jacionline.org). These results suggest
that aminophylline suppresses IgE-mediated. allergic reactions
associated with increased PER2 levels in mast cells, also support-
ing the antiallergic function of PER2 in mast cells.

PF670462 or dexamethasone suppresses IgE-
mediated allergic reactions associated with
increased PER2 levels in mast cells in vivo

We further examined the effects of PF670462 and the synthetic
steroid dexamethasone (DEX) on the passive cutaneous anaphy-
lactic (PCA) reaction”' and in an allergic rhinitis model.”

In vivo imaging with mast cell-deficient mice subcutaneously
reconstituted with PER2"UC BMMCs revealed that PER2™YC
bioluminescerice exhibited a time of day-dependent variation,
with a maximum at 10 pm (Zeitgeber time [ZT] 16; the light in
the mouse facility was turned on at 6 aM [ZT 0]) and a minimum
at 10 AM(ZT4; see Fig E11 in this article’s Online Repository at
www.jacionline.org), as previously described.”! Treatment of
the mice with PF670462 or DEX at ZT4 (the nadir of PER2MVC

levels in mast cells) increased PER2MVC levels 4 hours later at
ZT8 (Fig 2, A and B and Fig 3, A and B), suggesting that these re-
agents increased PER?2 levels in mast cells in vivo.

The extent of the PCA reaction at ZT8 in the mice pretreated
with PF670462 or DEX at ZT4 was suppressed relative to that
seen in mice pretreated with vehicle at ZT4 associated with serum
monocyte chemoattractant protein 1 levels (Fig 2, C-E, and Fig 3,
C-E). Serum corticosterone and IgE levels at ZT8 were compara-
ble between vehicle- and PF670462-treated mice (Fig 2, F). By
contrast, similar findings were not observed in mast cell-deficient
mice reconstituted with ClockA™%47° PER2MUC BMMCs (Fig 2,
A-E; Fig 3, A-E; and see Fig E11). The numbers of mast cells in
the skin became comparable between the mice reconstituted
with wild-type BMMCs and those reconstituted with Clock-
mutated BMMCs in the curent experimental design (see Fig
E12 in this article’s Online Repository at www.jacionline.org).
Thus resetting (phase-shifting) the mast cell clock by using
PF670462 or DEX suppressed the PCA reaction associated with
increased PER2 levels in mast cells.

Continuous intranasal challenge with ovalbumin (OVA) in
OVA-sensitized mice induces phenotypes that recapitulate allergic
thinitis, which is IgE and mast cell dependent.* Similar to the find-
ings in PCA reactions, intranasal administration of PF670462 or
DEX at ZT4, followed by nasal challenge with OVA at ZT8, in
OVA-sensitized mice suppressed the frequency of OVA-induced
nose scratching and sneezing when compared with that in
vehicle-treated OVA-sensitized mice (Fig 4, A). Serum OVA-
specific IgE levels were comparable between vehicle-,
PF670462-, and DEX-treated OVA-sensitized mice (Fig 4, B).
‘We confirmed that OVA-induced nose scratching and sneezing in
OVA-sensitized mice was largely mast cell dependent because
the frequency of these symptoms significantly increased in mast
cell-deficient W/Wv mice reconstituted with wild-type BMMCs
when compared with the frequency observed in W/Wv mice (see
Fig E13 in this article’s Online Repository at www.jacionline.
org). These findings suggest that pretreatment with PF670462 or
DEX 4 hours before the final OVA. challenge can suppress OVA-
mediated allergic symptoms in a mouse model of allergic rhinitis.

PF670462 or corticosterone suppresses IgE-
mediated allergic reactions in mouse and human
basophils

Finally, we investigated whether PF670462 or corticosterone
could affect IgE-mediated allergic reactions in basophils, as well as
in mast cells. Most recently, we reported that, similar to BMMCs,
the bone marrow—derived basophils derived from Per2™* knock-in
mice (PER2XYC BM basophils) showed circadian expression of
PER2MYC protein 0 to 48 hours after a media change for synchroni-
z:;a.tionA24 Furthermore, IgE-mediated histamine and IL~4 releases in
PERzLUC bone marrow—derived basophils exhibited a time of
day—dependent variation relying on the normal activity of Clock
in basophils.* Therefore basophils, as well as mast cells, have
functional clockwork, which temporally gates IgE-mediated
allergic reactions in basophils.

Addition of PF670462 (10 wmol/L) or corticosterone (300
nmol/L) 72 hours after the media change (ie, under unsynchro-
nized conditions) significantly increased PER2™Y“ levels 4 hours
later in wild-type, but not Clock-mutated, PER2™C bone
marrow—derived basophils (Fig 5, A). At that time point, PER2-Y¢
bone -marrow—derived basophils were sensitized with IgE and
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FIG 1. PF670462 or corticosterone suppresses |gE-mediated allergic reactions in wild-type (WT}, but not
Clock-mutated, mast cells associated with increased PER2 levels. A, PER2"YC bioluminescence of BMMCs
derived from Per2"“¢ knock-in mice (PER2"YC BMMCs) with or without Clock mutation (WT or Clock®™S).
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FIG 2. PF670462 suppresses PCA reactions associated with increased PER2 levelsin mast cells. A, Represen-
tative pictures of in vivo imaging of mast cell-deficient mice reconstituted with subcutansous injections of
BMMCs derived from Per2““ knock-in mice with or without Clock mutation (PER2-YC BMMCs or Clock*"®
PER2"YC BMMCs). Mice were treated with PF670462 {50 mg/kg administered intraperitoneally) or vehicle
at ZT4 (10 am), and the pictures were taken at ZT8 (2 pm). B, Quantitative analysis of the data in Fig 2, A
{n =5). C, Representative pictures of the skin color reactions at ZT8 in mast cell-deficient mice reconstituted
with subcutaneous injections of PER2-YC BMMCs or Clock® ’® PER2-YC BMMCs (upper panels) and digitized
images used for density value evaluations (lower panels). Reconstituted mice were treated with PF670462 (50
mg/kg administered intraperitoneally} or vehicle at ZT4, and PCA reactions were induced at ZT8. D, Quanti-
tative analysis of the data in Fig 2, C (n = 5). E, Serum monocyte chemoattractant protein 1 (MCP-1; CCL2)
levels 30 minutes after induction of PCA reactions, as described in Fig 2, C{n = 5). F, Serum corticosterone
and total IgE levels at ZT8, as described in Fig 2, € (n = 5). Values represent means * SDs. *P < .05.

PF670462 or corticosterone was added at 72 hours after the media change, as indicated by the arrows.
B, IgE-mediated release of -hexosaminidase in wild-type and Clock-mutated PER2'YC BMMCs (n = 6).
C, IgE-dependent intracellular Ca** mobilization in wild-type and Clock-mutated PER2"Y BMMCs (n = 4).
D, IgE-dependent total tyrosine phosphorylation levels in wild-type and Clock-mutated PER2"“C BMMCs.
Upper panels, Representative pictures; fower panels, quantitative analysis. E, FceRla levels on wild-type
and Clock-mutated PER2“YC BMMCs (n = 4). F, FceRla levels on peritoneal mast cells (n = 10). CORT, Corti-
costerone; MFI, mean fluorescence intensity. Values represent means * SDs. *P < .05.
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FIG 3. DEX suppresses the PCA reaction associated with increased PER2 levels in mast cells. A, Represen-
tative pictures of in vivo imaging of mast cell-deficient mice reconstituted with subcutaneous injections of
BMMCs derived from Per2““® knock-in mice with or without Clock mutation (PER2"VC BMMCs or Clock® ™
PER2-YC BMMCs). The mice were treated with DEX (50 mg/kg administered intraperitoneally) or vehicle
at ZT4 (AM10:00), and the pictures were taken at ZT8 (PM 2:00). B, Quantitative analysis of the data in Fig
3, A(n = 3-4). C, Representative pictures of the skin color reactions at ZT8 in mast cell-deficient mice recon-
stituted with subcutaneous injections of PER2-YC BMMCs or Clock®’® PER2-YC BMMCs (upper panels) and
digitalized images for the density value evaluations (lower panels). Reconstituted mice were treated with
DEX (50 mg/kg administered intraperitoneally) or vehicle at ZT4, and PCA reactions were induced at ZT8.
D, Quantitative analysis of the data in Fig 3, C (n = 3-4). E, Serum monocyte chemoattractant protein 1
(MCP-1; CCL2) levels 30 minutes after induction of PCA reactions, as described in Fig 3, C{(n = 3-4}. WT,

Wild-type. Values represent means + SDs. *P < .05.

stimulated with anti-IgE antibody. Production of IgE-mediated
histamine and IL-4 was inhibited in both PF670462- and
corticosterone-treated, but not PF4800567-treated, PER21UC
bone marrow—derived basophils (Fig 5, B). Furthermore, addition
of PF670462 or corticosterone, but not PF4800567, 72 hours after
the media change (ie, under unsynchronized conditions)

~1

significantly suppressed FceRI expression in wild-type, but not
Clock-mutated, PER2"VC bone marrow—derived basophils 4
hours but not 15 minutes after the treatments (Fig 5, C).

Similar findings were also obtained in human basophils.
Basophils isolated from peripheral blood of healthy nonatopic
volunteers were pretreated with PF670462 or PF4800567 for 15
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FIG 4. PF670462 suppresses IgE-mediated allergic symptoms in an allergic rhinitis {AR) model. A, The fre-
quency of nasal rubbing or sneezing was counted for a 10-minute period after the last intranasal challenge
with OVA (n = 5-6). B, OVA-specific IgE levels in the serum of unsensitized (normal) or sensitized (AR model)
mice (n = 5-6). Values represent means * SDs. *P < .05.

minutes or 4 hours and then stimulated with anti-IgE antibody.
Treatment of human basophils with PF670462, but not
PF4800567, for 4 hours but not 15 minutes inhibited IgE-
mediated histamine and IL-4 production associated with sup-
pression of FceRI expression (Fig 5, D and E).

CD203cis an activation marker upregulated by cross-linking of
FceRI in human basophils.”> Most recently, we reported that
allergen-induced CD203c expression on basophils exhibited a
time of day—dependent variation in patients with allergic rhinitis
caused by Japanese cedar pollen (JCP) associated with temporal
variations of canonical circadian clock gene expression.”” To
determine whether the inhibitory effects of PF670462 on IgE-
mediated basophil responses were relevant to human allergic dis-
eases, we examined the effects of PF670462 on allergen-induced
CD203c expression on basophils isolated from patients with Jap-
anese cedar pollinosis.

Pretreatment of basophils with PF670462, but not PF4800567,
for 4 hours (but not 15 minutes) before JCP stimulation inhibited
JCP-induced CD203c upregulation (Fig 5, F). Overall, these find-
ings suggest that resetting (or resynchronizing) the basophil clock
with PF670462 or corticosterone suppressed IgE/basophil-
mediated allergic reactions associated with increased PER2
levels.

DISCUSSION

This study argues that PF670462 or corticosterone (or DEX)
suppressed lgE/mast cell-mediated allergic reactions, relying on
the intact mast cell clockwork because (1) PF670462 or
corticosterone did not affect IgE-mediated allergic reactions in
Clock-mutated or Per2-mutated mast cells, where these reagents
failed to increase PER2 levels or PER2 did not function properly
(Figs 1-3 and see Fig E6); (2) PF670462 or corticosterone did not
affect IgE-mediated allergic reactions when these reagents were
added 15 minutes before IgE stimulation (ie, when these reagents
did not significantly increase PER2 levels; Fig 1); (3) PF4800567
did not increase PER?2 levels in mast cells and did not affect IgE-
mediated allergic reactions (see Fig E7); and (4) PF670462 or
corticosterone did not affect cellular viability and baseline
cellular bioenergetics of mast cells (see Figs E2 and E3). These

—

findings strongly suggest that PF670462 or corticosterone in-
hibited IgE/mast cell-mediated allergic reactions depending on
the functional mast cell clock (ie, increased PER2 levels),
excluding effects unrelated to clock function or other nonspecific
effects. This is likely also the case with IgE/basophil-mediated
allergic reactions (Fig 5).

The clock-dependent inhibitory effects of PF670462 or corti-

* costerone on IgE-mediated allergic reactions in mast cells were

associated with suppression of cell-surface FceRI expression
(Fig 1). The level of mast cell surface FceRI expression clearly
can influence the cell’s functional responses to FceRI-dependent
stimulation.”®>* Thus PF670462 or corticosterone likely sup-
pressed IgE-mediated allergic reactions in mast cells by downre-
gulating FceRI levels. Because overexpression of PER2 in
BMMCs or treatment of BMMCs with a PER2-increasing re-
agent, aminophylline, also reduced FceRI expression and
signaling (see Figs E9, A-D, and E10), whereas PerZ mutation
in BMMCs enhanced FceRI expression and signaling (se
Fig E9, E and F), it is likely that PF670462- or corticosterone-
induced PER2 suppresses FceRI expression and signaling in
mast cells. We have previously shown that CLOCK promotes
expression of FceRIB, an amplifier of FceRI expression and
signaling,}2 by binding to the E-box-like elements in the pro-
moter region of the gene, thereby temporally regulating FceRI
expression and signaling in mast cells.' Thus it is possible that
PF670462- or corticosterone-induced PER2 results in suppres-
sion of CLOCK activity, thereby repressing FceRI expression
and signaling in mast cells. However, because PER2 can physi-
cally interact with different nuclear receptors that might affect
FeeRI signaling pathways,” the precise mechanisms remain to
be determined.

CK13 and CKle play critical roles in the circadian timing
system, especially in determining period length, by controlling
the rate at which the PER/CRY complexes are either degraded or
enter the nucleus.!™*® Initially, both CK 18 and CK 1€ were consid-
ered important for determining the intrinsic period length in the
clock; however, recent studies suggest that CK18 might play a
dominant role in functioning of the circadian timing mecha-
nism.***" The current findings that the pan-CK13/e inhibitor
PF670462, but not the specific CKle inhibitor PF4800567,
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FIG 5. PF670462 or corticosterone suppresses IgE-mediated allergic reactions in mouse and human
basophils. A, PER2"YC bioluminescence of bone marrow—derived basophils derived from Per2*¥ knock-in
mice (PER2-YC BM basophils) with or without Clock mutation (WT or Clock®%). PF670462 or corticosterone
(CORT) was added at 72 hours after the media change, as indicated by arrows. B, IgE-mediated production
of histamine and IL-4 in wild-type or Clock-mutated PER2""C BM basophils {n = 4-6). C, FcsRla levels on
wild-type and Clock-mutated PER2"YC BM basophils (n = 4). MFI, Mean fluorescence intensity. D, IgE-
mediated histamine or IL-4 production in basophils from peripheral blood of healthy volunteers pretreated
with PF670462 or PF4800567 for 15 or 240 minutes (n = 4). E, FceRla levels on basophils from peripheral
blood of healthy volunteers pretreated with PF670462 or PF4800567 for 15 or 240 minutes (n = 3}.
F, CD203c expression on basophils after stimulation with JCP. Basophils were pretreated with 10 pmol/L
PF670462 or PF4800567 for 15 (n = 5} or 240 minutes (n = 16} before JCP stimulation. Left panels, Represen-
tative data; right panels, quantitative data. See also Table E1. CORT, Corticosterone; CRTH2, chemoattrac-
tant receptor-homologous molecule expressed on Ty2 lymphocytes; WT, wild-type. Values represent
means * SDs. *P <.05.



