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Resolvin E1 Reduces Leukotriene B4—Induced
Intracellular Calcium Increase and Mucin
Secretion in Rat Conjunctival Goblet Cells

Menglu Yang,* Jeffrey A. Bair,* Robin R. Hodges,* Charles N. Serhan,' and Darlene A. Dartt*

From the Schepens Eye Research Institute,* Massachusetts Eye and Ear Infirmary, Department of Ophthalmology, and the Center for Experimental
Therapeutics and Reperfusion lnjury,T Brigham and Women’s Hospital and Department of Anaesthesia, Perioperative and Pain Medicine, Harvard Medical
School, Boston, Massachusetts

Accepted for publication

June 2, 2020. Leukotriene B4 (LTB4) is a major proinflammatory mediator important in host defense, whereas

resolvins (Rvs) are produced during the resolution phase of inflammation. The authors determined the
actions of both RvEl and RvD1 on LTB4—induced responses of goblet cells cultured from rat con-
junctiva. The responses measured were an increase in the intracellular [Ca®*] ([Ca®"];) and high—
molecular-weight glycoprotein secretion. Treatment with RvE1 or RvD1 for 30 minutes significantly
blocked the LTB4—induced [Ca®"]; increase. The actions of RvE1 on LTB4—induced [Ca®']; increase
were reversed by siRNA for the RvE1 receptor, and the actions of RvD1 were reversed by an RvD1 re-
ceptor inhibitor. The RvE1 and RvD1 block of LTB4-stimulated increase in [Ca®"]; was also reversed by
an inhibitory peptide to B-adrenergic receptor kinase. LTB4 and block of the LTB4—stimulated increase
in [Ca®"]; by RvE1 and RvD1 were partially mediated by the depletion of intracellular Ca®" stores. RvE1,
but not RvD1, counterregulated the LTB4—induced high—molecular-weight glycoprotein secretion.
Thus, both RvE1 and RvD1 receptors directly inhibit LTB4 by phosphorylating the LTB4 receptor using
adrenergic receptor kinase. RvE1 receptor counterregulates the LTB4—induced increase in [Ca®"]; and
secretion, whereas RvD1 receptor only counterregulates LTB4—induced [Ca?"]; increase. (Am J Pathol
2020, 190: 1823—1832; https://doi.org/10.1016/j.ajpath.2020.06.001)
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The conjunctiva is a mucous membrane that encircles the
cornea and covers the sclera, fornix, and inner side of the
eyelids. One of its major functions is to protect the eye from
the environment, including exogenous allergens, pathogens,
and pollutants. The epithelium of conjunctiva is made up of
three main cell types: goblet cells, fibroblasts, and stratified
squamous epithelial cells. Goblet cells synthesize, store, and
secrete the large gel-forming mucin MUCS5AC, which
contributes to the inner layer of the tear film. The main
functions of the tear film mucin are: i) moisturize the ocular
surface (cornea and conjunctiva); ii) lubricate the ocular
surface during blinking; iii) prevent the binding of patho-
gens onto the ocular surface epithelium; and iv) participate
in the epithelial cell innate immune response.' Physiological
regulation of mucin production by the goblet cells is critical
for ocular surface health. A decrease or an increase in mucin

production leads to dysfunction of the ocular surface and
degradation of vision.

Mucin production by goblet cells increases during ocular
inflammatory diseases such as early dry eye’ and allergic
conjunctivitis.” Proinflammatory mediators such as hista-
mine, prostaglandins, cysteinyl leukotrienes (cysLTs), and
leukotriene B4 (LTB4) directly stimulate secretion
including mucins from conjunctival goblet cells.* ® The
disturbance of normal structure of tear film caused by
oversecretion of mucin together with inflammatory edema
of the conjunctiva caused by proinflammatory allergic me-
diators leads to discomfort and pain.

Supported by NIH grants ROIEY019470 (D.A.D.) and RO1GMO038765
(C.N.S)).
Disclosures: None declared.

Copyright © 2020 American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.ajpath.2020.06.001


mailto:darlene_dartt@meei.harvard.edu
mailto:darlene_dartt@meei.harvard.edu
https://doi.org/10.1016/j.ajpath.2020.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2020.06.001&domain=pdf
https://doi.org/10.1016/j.ajpath.2020.06.001
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2020.06.001

Yang et al

Two of the most important inflammatory mediators:
prostaglandins and leukotrienes (LTs) are biosynthesized
from arachidonic acid, a polyunsaturated fatty acid.”* When
cells are challenged by external stimuli, they release arach-
idonic acid from the cell membrane by activation of phos-
pholipase A2. Activation of cyclooxygenase (COX) in most
cell types produces prostaglandins, which cause pain,
swelling, and fever.” Activation of 5-lipoxygenase (LOX-5)
biosynthesizes LTA4, which undergoes enzymatic hydroly-
sis to LTB4, conjugation with glutathione to LTC4, or via
transcellular metabolism to produce LTB4.” LTB4 triggers a
proinflammatory cascade that promotes chemotaxis and
adhesion to vascular endothelium by neutrophils, causes
plasma leakage,'” and enhances proinflammatory effects
caused by prostaglandins.'' Inflammatory cells (eg, neutro-
phils, macrophages, mast cells) biosynthesize LTB4.” Ocular
surface epithelial cells also express LOX-5, and LTB4 is
present in human tears.'” On the ocular surface, LTB4 trig-
gers allergic conjunctivitis,'' giant papillary conjunctivitis,'”
and vernal keratoconjunctivitis."”

Resolvins, including RvVE1 and RvD1 used in the present
study, are endogenous mediators that are biosynthesized from
omega-3 fatty acids. The production of resolvins increases
temporally during the resolution phase of inflammation. Each
resolvin is produced at a different time during resolution and
uses different receptor-mediated mechanisms to resolve
inflammation.'* RvE1 is derived from eicosapentaenoic acid'”
and acts via two receptors: the chemokine-like receptor
CMKLR1/RVERI1 and the LTB4 receptor BLT1."” RvDI is
derived from docosahexaenoic acid, activates the lipoxin A4
receptor/formyl peptide receptor (ALX/FPR) 2 in murine tis-
sues (ie, rats and mice), and in humans, also activates the
GPR32 receptor.'° RvD1 and RVE] function by decreasing the
production of proinflammatory cytokines in multiple
tissues.'® ' The mechanisms, however, by which RvEl and
RvDI1 each interact with leukotrienes to terminate their
proinflammatory actions are not completely known.

In conjunctival goblet cells during physiological homeo-
stasis, both RvD1 and RvEI trigger mucin secretion.' "' In
mouse models of ocular allergy, the level of LTB4 in con-
junctiva is markedly increased,”’ and excessive mucin is
produced.”’ To date, there are no reports on the interactions
between RvVE1, RvDl1, and the inflammatory mediator LTB4
in conjunctival goblet cells as could occur during ocular in-
flammatory diseases, especially ocular allergy. In the present
study, rat conjunctival goblet cells in culture were used to
investigate the interaction of the RvEl and RvD1 with LTB4
stimulation of goblet cell function and determine the under-
lying mechanisms of these interactions.

Materials and Methods

Materials

RPMI-1640 cell culture medium, penicillin/streptomycin,
and L-glutamine were purchased from Lonza (Walkerville,

1824

IL). Fetal bovine serum was from Atlanta Biologicals
(Norcross, GA). Histamine, histamine dimaleate (H1), and
2-aminoethoxydiphenyl borate (2-APB) were obtained
from Sigma-Aldrich (St. Louis, MO). BARKI inhibitor
was from EMD Millipore (Billerica, MA). Fura-2/AM was
purchased from Life Technologies (Grand Island, NY).
RvD1  (7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-
docosahexaenoic acid), RvEl (5S,12R,18R-trihydroxy-
6Z,8E,10E,14Z,16E-eicosapentaenoic acid), and LTB4
(5S,12R-dihydroxy-6Z,8E,10E,14Z-eicosatetraenoic acid)
were stored in an ethanol solution at —80°C as supplied by
the manufacturer (Cayman Chemical, Ann Arbor, MI).
The solution was diluted immediately before use in Krebs-
Ringer bicarbonate buffer with HEPES [KRB-HEPES, 119
mmol/L NaCl, 4.8 mmol/L KCI, 1.0 mmol/L CaCl,, 1.2
mmol/L  MgSQOy4,1.2 mmol/l. KH,PO4, 25 mmol/L
NaHCO3, 10 mmol/L HEPES, and 5.5 mmol/L glucose
(pH 7.40 to 7.45)] to the desired concentrations and added
to the cells.

Inhibitors were initially diluted and stored in dimethyl
sulfoxide at —20°C. Immediately before use, the inhibitors
were diluted to desired concentrations in KRB-HEPES and
added to the cells.
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Figure 1  Resolvin E1 (RvE1) and resolvin D1 (RvD1) counterregulate
leukotriene B4 (LTB4)—stimulated increase in intracellular [Ca**] ([Ca®'];)
in goblet cells. Cultured rat conjunctival goblet cells were stimulated with
LTB4 (108 mol/L) or histamine (histamine 10~ mol/L) alone or incubated
with RvEL or RvD1 (102 mol/L) or vehicle for 30 minutes prior to addition
of LTB4 or histamine, and [Ca®']; was measured. A and B: The average
[Ca®"]; level over time is shown. Arrows indicate addition of LTB4 or
histamine. C: Change in peak [Ca®"]; was calculated and is shown. One-way
analysis of variance nonparametric with Dunn multiple comparisons was
used. Data are expressed as individual data points from each animal and
means & SEM. n = 6 rats (C). *P < 0.05 versus basal; /P < 0.05 versus
LTB4 or histamine alone.
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Animals

Male Sprague-Dawley rats weighing between 125 and 150 g
obtained from Taconic Farms (Germantown, NY) were
anesthetized with carbon dioxide for 1 minute and then
decapitated. The bulbar and forniceal conjunctiva were
removed from both eyes. All experiments were performed
according to the NIH guide for the Care and Use of Labo-
ratory Animals®” and were approved by the Schepens Eye
Research Institute Animal Care and Use Committee.

Goblet Cell Culture

Goblet cells from rat conjunctiva were grown in organ
culture as described previously.”*'”'®*%>* Pieces of
minced conjunctival epithelium were placed on culture
dishes with RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2 mmol/L glutamine, and 100 pg/mL
penicillin-streptomycin. The tissue pieces were removed
after nodules of cells were observed. First-passage goblet
cells were used in all of the experiments. Identity of cultured
cells was periodically checked by evaluating staining with
antibody to cytokeratin 7 (detects goblet cell bodies) and the
lectin Ulex europaeus agglutinin (UEA)-1 (detects goblet
cell secretory product) to ensure that goblet cells
predominated.

Measurement of [Ca®"];

First-passage rat conjunctival goblet cells were plated onto
35-mm glass-bottomed culture dishes and incubated at
37°C overnight. Cells were then incubated for 1 hour at
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37°C with KRB-HEPES with 0.5% bovine serum albumin
and 0.5 pmol/L fura-2/AM (Invitrogen, Grand Island,
NY), 8 pmol/L pluronic acid F127 (Sigma-Aldrich), and
250 pmol/L sulfinpyrazone (Sigma-Aldrich). Before cal-
cium measurements, cells were washed with KRB-HEPES
containing sulfinpyrazone. Calcium measurements were
conducted using a ratio imaging system (InCyt Im2 soft-
ware version 5.33; Intracellular Imaging, Cincinnati, OH)
using wavelengths of 340 and 380 nm, and an emission
wavelength of 505 nm. Cells were stimulated with ago-
nists, antagonists, and inhibitors. Intracellular [Ca2+]
([Ca“]i) as a function of time was recorded, and the
change in peak [Ca”"]; was calculated by subtracting the
average of the basal value from the peak [Ca’"]; value. A
duplicate was conducted for each experiment, and the
mean value was recorded as a data point.

Knock-Down of Proteins Using siRNA

First-passage goblet cells were grown in 6-well plates.
siRNA specific to the RVEI receptor (Cmklrl) or negative
control scrambled siRNA (scsiRNA), was added at a final
concentration of 100 nmol/L in antibiotic-free RPMI 1640
as described previously.” Media were removed after 18
hours and replaced with fresh, complete RPMI 1640 and
incubated for 48 hours before use. To ensure the successful
depletion of receptors from the goblet cells, one well per
condition was scraped, and Western blotting analysis using
an antibody against the receptor was performed. Use of 100
nmol/L Cmklrl siRNA decreased Cmkirl protein by 64%."
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Figure 2  Resolvin E1 (RvE1l) counterregulation of
leukotriene B4 (LTB4)—induced intracellular [Ca®']
([Ca®1];) increase is reversed by depletion of CMKLR1 in
goblet cells. A and C: Cultured rat conjunctival goblet cells
were transfected with Cmkirl siRNA (100 nmol/L) or
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Measurement of High—Molecular-Weight Glycoprotein
Secretion

First-passage, cultured goblet cells were plated in 24-well
plates and grown to confluence. Cells were serum starved
for 2 hours before use and then stimulated with agonists for
2 hours in the serum-free RPMI 1640 supplemented with
0.5% bovine serum albumin. Goblet cell secretion was
measured using an enzyme-linked lectin assay with the
lectin UEA-I that detects rat conjunctival goblet cell mucins
and other secreted high—molecular-weight glycoproteins.
The media were collected and analyzed for the amount of
lectin-detectable  glycoprotein including the mucin
MUCSAC.>"”"" This will be referred to as glycoprotein
secretion. The cells were scraped and analyzed for total
protein using the Bradford assay. Glycoprotein secretion
was standardized to the amount of protein in the cellular
pellet and expressed as fold increase over basal that was set
to 1.

Statistical Analysis

The data are presented as the fold-increase above basal as
the averages == SEM. The -test was used for comparison of
two groups, and one-way analysis of variance with Dunn
multiple comparisons was used to perform statistical anal-
ysis in multiple groups. P < 0.05 was set as statistically
significant.

Results

RvEl and RvD1 Counterreqgulate LTB4-Stimulated
Increase in [Ca®"]; in Conjunctival Goblet Cells

The LTB4-stimulated increase in [Ca”]i was tested with or
without RvE1 or RvD1. Goblet cells were incubated for 30
minutes with RvEI (10~ mol/L) or RvD1 (10~® mol/L)
before stimulation with LTB4 at (1078 mol/L) (Figure 1).

>
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Histamine (107> mol/L) served as the positive control
because previous studies showed that the response to his-
tamine was attenuated after incubation with RvD1.”* LTB4
alone increased the [Ca”]i by 413.81 £ 149.18 nmol/L,
which is significantly increased from basal (P = 0.0098).
Incubation with RvE1 decreased the LTB4—induced [Ca2+]i
response to 59.15 4+ 4.37 nmol/L (P = 0.019) (Figure 1, A
and C). In the presence of RvD1, the LTB4—induced [Ca®™);
increase was significantly blocked to 61.13 £ 10.20 nmol/L
(P = 0.019). The control histamine significantly increased
the [Ca2+]i from basal to 361.05 £ 88.11 nmol/L
(P = 0.0011). The histamine-induced response was blocked
by RvEL incubation decreasing it to 52.54 + 11.71 nmol/L
(P 0.0078). Similarly, RvDI1 incubation blocked the
histamine-induced [Ca®"]; response decreasing it to
71.83 £ 21.08 nmol/L (P = 0.042) (Figure 1, B and C).

RvE1 Counterregulation of the LTB4—Induced Increase
in [Ca®"]; Is Receptor Mediated

It was then tested whether the RvVEl receptor Cmklrl
mediated the RVEI inhibition of the LTB4—induced Ca*"
response. The goblet cells were treated with vehicle, Cmklrl
siRNA (100 nmol/L), or scsiRNA. Use of 100 nmol/L
Cmkirl siRNA decreased Cmklrl protein by 64%." LTB4
(1078 mol/L) alone increased the [Ca”]i significantly from
basal by 457.10 £ 91.09 nmol/L (P = 0.0066) (Figure 2, A
and B). When cells were treated with RvE1 (10~% mol/L)
for 30 minutes before LTB4 stimulation, the [Ca”]i
response to LTB4 was blocked and was 80.48 + 17.56
nmol/L (P = 0.0027), thus showing counterregulation of
LTB4 by RVEL. The LTB4 Ca”" response was not signifi-
cantly altered when incubated with either just the siRNA to
Cmklrl (343.10 £ 77.66 nmol/L; P > 0.99) or the scsiRNA
(477.20 + 125.50; P > 0.99) (Figure 2B). RvEl pretreat-
ment also blocked the [Ca”]i response to LTB4 in
scsiRNA—treated cells (P 0.0066). When cells were
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Figure 3  Resolvin D1 (RvD1) counterregulation of leukotriene B4 (LTB4)—induced intracellular [Ca®"] ([Ca®'];) increase is reversed by lipoxin A4 re-

ceptor/formyl peptide receptor ALX/FPR2 antagonist BOC2 in goblet cells. A and B: Cultured rat conjunctival goblet cells were stimulated with either of the
following treatments: LTB4 (102 mol/L) alone; RvD1 (102 mol/L) for 30 minutes followed by LTB4; BOC2 (10~* mol/L) for 15 minutes followed by LTB4; or
BOC2 for 15 minutes, followed by RvD1 for 30 minutes followed by LTB4. The average [Ca?']; level over time is shown (A). B: Change in peak [Ca®"]; was
calculated and is shown. C and D: Similar experiments were performed with histamine dimaleate (H1, 10> mol/L) replacing LTB4. Arrows indicate addition of
LTB4 or H1. One-way analysis of variance nonparametric with Dunn multiple comparisons was used. Data are expressed as individual data points from each
animal and means + SEM. n = 6 rats (B and D). *P < 0.05 versus basal; /P < 0.05 versus LTB4 or histamine alone.
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incubated with Cmkirl siRNA followed by RvE1l for 30
minutes, the LTB4-stimulated increase in [Ca2+]i was no
longer inhibited and not different from the LTB4 response
in both non—siRNA-treated (P = 0.32) and
scsiRNA—treated cells (P = 0.28). When cells were treated
with scsiRNA followed by addition of RvEI, the LTB4
response was still inhibited by RvE1l (P = 0.011) (Figure 2,
A and B). Thus, the depletion of Cmklrl blocked the
counterregulatory actions of RvVEl on the LTB4-stimulated
[Ca®™]; response.

As the positive control, histamine receptor 1 agonist
histamine dimaleate (H1, 107> mol/L) significantly
increased the [Ca”]i from basal by 205.6 = 10.09 nmol/L
(P = 0.019) (Figure 2, C and D). Incubation with RvE1
significantly blocked the histamine-induced [Ca*"]; increase
(104.8 + 2.8 nmol/L; P = 0.040). Neither CMKLRI
siRNA nor scsiRNA altered the Hl-induced increase in
[Ca®™]; (223.0 4+ 37.05 nmol/L; P > 0.99) (Figure 2D).
Treatment with CMKLR1 siRNA, but not scsiRNA
(Figure 2D), followed by addition of RvE1 for 30 minutes,
reversed the inhibition of the H1 response caused by RvEI
(Figure 2, C and D).

These results indicate that RvE1 is using the CMKLR1
receptor to counterregulate the LTB4—induced [Ca’'];
response in goblet cells.

RvD1 Counterregulation of the LTB4—Induced Increase
in [Ca®"]; Is Receptor Mediated

To determine the mechanism of the counter regulation of
LTB4 by RvDlI, it was investigated whether the RvDlI
receptor ALX/FPR2 is involved in the RvDI1-induced in-
hibition of the LTB4-stimulated increase in [Ca2+]i. To
achieve this, goblet cells were incubated with the ALX/
FPR2 inhibitor N-Boc—Phe-Leu-Phe-Leu-Phe (BOC2) at
10~* mol/L (Figure 3). LTB4 (10™® mol/L) stimulation
alone increased the [Ca’']; significantly from basal by
432.38 + 87.49 nmol/L (P = 0.021) (Figure 3, A and B).
BOC2 treatment alone did not alter the [Ca”]i response to
LTB4 (P > 0.99). RyD1 (10~® mol/L) treatment for 30
minutes blocked the [Ca2+]i increase induced by LTB4,
decreasing it to 84 £ 4.85 nmol/L (P = 0.041), demon-
strating the counterregulatory effect. Blockage of the
RvD1 receptor ALX/FPR2 by BOC2 prevented the
counterregulatory actions of RvD1 on the LTB4 response
(P = 0.82).

As a positive control, histamine dimaleate (10~ mol/L)
significantly increased the [Ca®']; from basal by
191.10 £+ 14.92 nmol/L (P = 0.031), and preincubation
with RvD1 significantly blocked the histamine-induced
[Ca2+]i increase (104.5 4+ 8.3 nmol/L; P = 0.042)
(Figure 3, C and D). Treatment with BOC2 alone for 45
minutes did not change the H1-induced [Ca®™]; (P > 0.99).
With BOC?2 treatment for 15 minutes prior to RvD1 addition
for 30 minutes, H1-induced [Ca“]i increase was not altered
compared with H1 alone (P > 0.99).

The American Journal of Pathology m ajp.amjpathol.org

These results indicate that RvD1 is using the ALX/FPR2
receptor to counterregulate the LTB4—induced [Ca®'];
increase in goblet cells.

RvE1l and RvD1 Use BARK1 to Counterregulate the
LTB4-Stimulated Increase in [Ca®"]; in Goblet Cells

The authors found that RvD1 downregulates the histamine
response by activating f-adrenergic receptor kinase
(BARK1).”* Thus, the authors tested whether BARKI1 is
also used in the down-regulation of the LTB4 response.
LTB4 (1078 mol/L) stimulation alone increased the
[Ca”]i to 483.50 £ 73.57 nmol/L (Figure 4). The LTB4
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Figure 4  Resolvin D1 (RvD1) and resolvin E1 (RvE1) use B-adrenergic
receptor kinase (BARK) to counterregulate the leukotriene B4 (LTB4)—
stimulated increase in intracellular [Ca®"] ([Ca®'];) in goblet cells. A:
Vehicle or B adrenergic receptor kinase (BARK1) inhibitor (BARK1I, 10~°
mol/L) (negative control) was added to cultured rat conjunctival
goblet cells 15 minutes prior to addition of LTB4 (102 mol/L); RvD1 or
RVE1 (108 mol/L) was added for 30 minutes followed by LTB4; or BARK1
inhibitor was added for 15 minutes followed by RvD1 or RvE1 for 30 mi-
nutes followed by LTB4. The average [Ca®']; level over time is shown.
Arrow indicates addition of LTB4. B: Change in peak [Ca®*]; was calculated
and is shown. One-way analysis of variance nonparametric with Dunn
multiple comparisons was used. Data are expressed as individual data
points from each animal and means &+ SEM. n = 8 rats (B). *P < 0.05
versus basal; TP < 0.05 versus LTB4 alone.
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response was not altered by incubation with the BARK1
inhibitor (1076 mol/L) alone for 45 minutes. The response
of LTB4 was significantly down-regulated to
74.86 + 12.00 nmol/L (P = 0.011) by RvE1 (10~% mol/L)
added for 30 minutes. The counterregulation of
LTB4-stimulated increase in [Ca2+]i was prevented by the
addition of BARKI inhibitor 15 minutes prior to RvEl
incubated for 30 minutes and was 529.70 + 157.20 nmol/L
(P > 0.99) (Figure 4). Similar results were obtained with
Rle(lO_8 mol/L), which significantly blocked the LTB4
response to 96.92 + 18.17 nmol/L (P = 0.011) and was
reversed by the BARKI inhibitor to 387.40 £+ 132.80
nmol/L (P > 0.99) (Figure 4). As control, H1 (10> mol/L)
was used to rule out effects from other histamine receptors.
The HI1 response was significantly blocked by RVEl
(P = 0.0016) and by RvD1 (P = 0.011). The BARK1
inhibitor treatment failed to prevent blocking the HI-
induced [Ca”]i increase with RvE1l or RvD1 (data not
shown). These results indicate that both RvE1 and RvD1
used BARKI1 to counterregulate LTB4-stimulated in-
creases in [Ca2+]i in goblet cells.

RvE1, RvD1, and LTB4 Use Overlapping Cellular Calcium
Stores to Increase [Ca®'];

Next, the cellular calcium stores used for the intracellular
Ca’" response stimulated by RvEl, RvD1, and LTB4, each
at 10~® mol/L, were investigated. It is well established that
G protein—coupled receptors (GPCRs) release Ca”" from
intracellular Ca*" stores located in the endoplasmic reticu-
lum. Inositol trisphosphate (IP3) produced by GPCR acti-
vation phospholipase C binds to its receptors IP3RI, -II, and
-III on the endoplasmic reticulum, releasing Ca>" from the
endoplasmic reticulum into the cytoplasm.”” The depletion
of this Ca*" store activates influx of extracellular Ca*"
using the proteins STIM1 and ORAI to refill the Ca®" store.
It was tested whether RvE1, RvD1, or LTB4 (all at 1078
mol/L) use extracellular calcium to increase [Ca”]i by
using calcium-free KRB buffer. The goblet cells were also
treated with the IP3R inhibitor 2-APB (10~° mol/L) in the
presence of extracellular calcium for 10 minutes, then
stimulated with RvE1, RvD1, or LTB4 to test whether the
IP3-dependent intracellular Ca*" store was used. Histamine
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(107> mol/L) served as the control. RVE1 significantly
increased the [Ca2+]i from baseline by 413.40 £+ 97.37
nmol/L (P = 0.016), removal of extracellular Ca>" blocked
the response to 62.77 + 18.44 nmol/L (P = 0.0027),
whereas 2-APB inhibited the [Ca2+]; response to
75.21 £ 17.06 nmol/LL (P = 0.032) (Figure 5, A and B).
These data indicate that RvE1 uses both intracellular cal-
cium released from IP3-dependent intracellular stores and
subsequent increase in extracellular calcium influx. RvD1
significantly increased the [Ca2+]; from baseline to
597.10 £+ 63.48 nmol/L (P = 0.00024); the removal of
extracellular calcium decreased the [Ca”]i response to
91.72 4+ 7.00 nmol/LL (P = 0.0030), whereas 2-APB
treatment dampened the RvDI-induced [Ca®']; response
to 148.01 £ 32.00 nmol/L, but was not statistically signif-
icant (P = 0.087) (Figure 5, C and D). The LTB4-
stimulated [Ca”]i increase was significantly different
from baseline (211.81 + 55.20 nmol/L; P = 0.038)
(Figure 5, E and F). The removal of extracellular calcium
decreased the LTB4-stimulated [Ca2+]i response, but not
significantly from LTB4 response in KRB with calcium
(94.55 4+ 45.35 nmol/L; P = 0.17). Similar results were
obtained with 2-APB incubation which decreased the
LTB4-stimulated [Ca”]i response to 72.19 + 17.59 nmol/L
that did not prove to be statistically significant (P = 0.17)
(Figure 5, E and F). As control, histamine increased the
[Ca2+]i level from basal (P = 0.032), which was signifi-
cantly blocked by removal of extracellular Ca’" (P = 0.03),
and 2-APB treatment (P = 0.047) (data not shown). The
histamine result is consistent with previous findings.”*
These results indicate that RvE1-induced [Ca2+]i increase
depends on both extracellular calcium and intracellular
calcium storage, RvD1-induced [Ca”]i increase was less
dependent on intracellular calcium, whereas LTB4—induced
[Ca”]i increase was less dependent on extracellular or
intracellular calcium.

RvE1l, but Not RvD1, Counterregulates LTB4—Induced
Glycoprotein Secretion in Conjunctival Goblet Cells

Goblet cells were incubated with RvD1 (10~® mol/L), RvE1
(1078 mol/L), or vehicle for 30 minutes, then stimulated
with LTB4 (10~'° mol/L). Goblet cells were also stimulated
with LTB4 (10~'° mol/L), RvD1 (10~® mol/L), or RvEI
(10"® mol/L) separately. LTB4 stimulation increased
glycoprotein secretion significantly from baseline by
1.65 £+ 0.16-fold (P = 0.0038) (Figure 6). RvEl alone
increased the glycoprotein secretion significantly from
baseline by 1.77 £ 0.32-fold (P = 0.041). Incubation with
RvEl for 30 minutes significantly blocked the LTB4—
induced stimulation (0.65 £ 0.15-fold; P = 0.023). RvDl1
stimulation alone increased the glycoprotein stimulation by
1.81 £ 0.34-fold. RvD1 at 30 minutes’ incubation did not
block the LTB4—induced stimulation (1.40 + 0.23-fold;
P = 0.41) (Figure 6). These results suggest that RvEl and
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Figure 6 Resolvin E1 (RvE1), but not resolvin D1 (RvD1), counter-
regulates leukotriene B4 (LTB4)—induced glycoprotein secretion in goblet
cells. Cultured rat goblet cells were stimulated with LTB4 (10 *° mol/L),
RVE1 (1078 mol/L), or RvD1 (10 2 mol/L) alone or incubated with RvE1 or
RvD1 for 30 minutes prior to addition of LTB4 for 2 hours. Glycoprotein
secretion was measured. The average fold increase above basal, which was
set to 1, is shown. One-way analysis of variance nonparametric with Dunn
multiple comparisons was used. Data are expressed as individual data
points from each animal and means + SEM. n = 5 rats. *P < 0.05 versus
basal; TP < 0.05 versus LTB4 alone.

RvD1 use different mechanisms when interacting with
LTB4 to stimulate goblet cell secretion.

Discussion

This study provides evidence that both RvE1 and RvD1
counterregulate the [Ca®"]; increase triggered by LTB4
(Figure 7). Combining results from Yang et al* with those
presented herein demonstrates that RvEl employs two
mechanisms to counterregulate the LTB4-stimulated
response. First, RvE1 uses its receptor CMKLRI1 to acti-
vate BARKI, which phosphorylates and down-regulates
the BLT1 receptor, which prevented LTB4 from
increasing [Ca*"); and stimulating secretion. Second,
RVE] interacts with the BLT1 receptor directly preventing
LTB4 from activating it and thereby blocking the increase
in [Ca2+]i and stimulation of secretion.” In contrast to
RvEL, RvD1 uses only one mechanism to counterregulate
the LTB4-stimulated response in this tissue. RvDI1 in-
teracts with its receptor ALX/FPR2 to activate BARKI,
which phosphorylates and down-regulates the BLT1 re-
ceptor. Unlike RvE1, RvD1 only blocks the LTB4 increase
in [Caz+]i. RvEL, but not RvDI1, blocks the excess goblet
cell mucin secretion associated with LTB4-dependent
inflammation and helps to balance mucin levels in the
tear film.

LTB4 is an important mediator of primary chemo-
attractants during neutrophil chemotaxis,”® and is the
proinflammatory mediator in multiple mucosal diseases

1829


http://ajp.amjpathol.org

Yang et al

A RVE1 LTB4

CMKLR1 BLT1

Caz*

nv Blocked
Mucins '
SR Xy

Figure 7

RvD1 LTB4

Schematic of the cellular mechanisms used by resolvin E1 (RvE1) and resolvin D1 (RvD1) to block leukotriene B4 (LTB4)—stimulated increase in

intracellular [Ca®™] ([Ca®"];) and mucin secretion in cultured conjunctival goblet cells. A: RvE1 blocks the effect of LTB4 on both intracellular Ca®" and
secretion by either interacting with the LTB4 receptor BLT1 receptor or by activating the B-adrenergic receptor kinase (BARK1) that phosphorylates BLT1,
causing its internalization. B: RvD1 only blocks the effect of LTB4 on increasing intracellular Ca®", but not on secretion, because RvD1 does not interact
directly with the BLT1 receptor, but only activates the BARK1 that phosphorylates BLT1 causing its internalization. In this case, LTB4 interacts with the BLT1
receptor to release intracellular Ca®* and stimulate secretion. ALX/FPR, lipoxin A4 receptor/formyl peptide receptor; CMKLR1, chemerin chemokine-like re-

ceptor; IP3, inositol trisphosphate.

such as asthma,””’ peritonitis,” and allergic conjuncti-
vitis.”” In an allergic conjunctivitis animal model induced
by short ragweed, the level of LTB4 in conjunctiva was
markedly increased with the induction of the allergic
response.””  LTB4 directly stimulates glycoprotein,
including mucin secretion of conjunctival goblet cells,’
which is correlated with the increase in the symptoms of
allergic conjunctivitis.”' An increase in goblet cell secretion
as occurs from proinflammatory mediators in ocular allergy
can disturb the tear film structure leading to dryness, sticky,
and itching symptoms during ocular surface inflammation.

Protective roles for RvEl or RvD1 were observed in
mucosal tissues other than conjunctiva. In the lung during
allergy or asthma, RvEI reduces cytokine levels; reduces
eosinophil and lymphocyte recruitment; and decreases
airway mucus exudation and tracheal goblet cell ratio in
mouse.’*? RVEI also accelerates the clearance of airway
inflammation and hyperreactivity in response to methacho-
line by suppressing IL-23 and IL-6 production.”” RvDI
along with its 17R-epimer aspirin-triggered RvD1 protects
the airway by reducing oxidative stress via NRF2/KEAP1
pathway,”* decreasing the proinflammatory cytokines®> and
up-regulating the anti-inflammatory cytokines.’”® In the
gastrointestinal tract, RvE1 prevents colitis by increasing the
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expression of a protective mediator alkaline phosphatase.”’
RvDl1 prevents colitis in an inflammatory bowel disease
model.”

Results from many studies have now demonstrated a
protective role for both RvE1l and RvD1 in the ocular sur-
face including: decreasing inflammatory cytokines,”” "'
preventing goblet cell loss,” and blocking mucin secre-
tion induced by LTD4 or histamine.” " It was observed that
RvEl and RvDl1 alone can stimulate goblet cell mucin
secretion.'”'® To maintain ocular surface health, the right
amount of MUCSAC secretion must be maintained. In
healthy, noninflamed conjunctiva, RvD1 was found in tears
and functions to maintain an optimal mucin layer needed to
keep the ocular surface healthy. Minimal to undetectable
LTB4 or other proinflammatory mediators were detected
during the noninflammatory phase.”’ By contrast, during
inflammation, with the increase of invading leukocytes, the
amount of LTB4 along with other proinflammatory
mediators increases and causes the excess mucin secretion
associated  with  ocular allergic disease.””  With
resolution and mediator class switching, RvEl and
RvD1 are produced and counterregulate the action of LTB4
on its receptor, returning the tear mucin level to
homeostasis.
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In the present study, the authors found that in conjunc-
tival goblet cells, pretreatment with RvEl1 and RvDI
counterregulates the action of LTB4 by activating BARKI.
BARKI is a member of the family of GPCR kinases. Upon
activation, it phosphorylates GPCRs and promotes interac-
tion of the receptor with B-arrestin to prevent signaling by
the receptor via protein kinase A (PKA), protein kinase C,
p44/p42 MAPK, p38 MAPK, or a variety of other signaling
proteins.”>"* The BARKI inhibitor used in this study
selectively blocks the phosphorylation of the BLT1 receptor
without inhibiting PKA.** It is known that the RvDI
pathway uses BARKI to inhibit histamine response,””
which is consistent with the current findings.

Pre-treatment with RvE1 inhibited LTB4-triggered [Ca®"];
increase and mucin secretion in conjunctival goblet cells by
cross-talk between the CMKLR1 and BLT1 receptors. It was
observed that either CMKLR1 or BLT1 knockdown decreases
the RvE1-induced [Ca2+]i increase as well as mucin secretion.”
Decreasing the amount of the CMKLR1 did not fully reverse
the effect of RvE1 on the increase in [Ca”]i, either because
CMKLRI1 was not completely depleted or activation of the
BLT]1 receptor by RvEI could also contribute to the counter-
regulatory actions of RvE1 on LTB4—induced goblet cell
response. Similarly to the lack of complete inhibition of RvE1
on the effect of LTB4, pharmacologic inhibition of the RvD1
receptor ALX/FPR2 did not fully reverse the RvD1-mediated
decrease in LTB4 stimulation of the [Ca2+]i. The pharmaco-
logic inhibitor BOC2 is an antagonist for FPR1 and ALX/
FPR2."* The partial reversal of the LTB4 response in this tissue
may be due to the lack of complete inhibition of ALX/FPR2
receptor by BOC2. In addition, BOC2 may have off-target
effects in this tissue. So far, however, there is no published
evidence that BOC2 inhibits LTB, receptors, and the authors’
unpublished data suggest that BOC2 does not alter the
LTB4—induced [Ca2+]i increase.

In contrast to the similar actions of both RvEl and RvD1
on the LTB4 increase in [Ca2+]i, RvEl1, but not RvDlI,
inhibited LTB4-stimulated secretion. This difference could
be explained by the interaction of RvEl with both
CMKLR1 and BLTI1 compared with the interaction of
RvD1 with only the ALX/FPR2 receptor. Furthermore
different receptors are activated by RvEl and RvDI.
Although RvDl1 failed to block LTB4—induced secretion,
RvE1, RvD1, and LTB4 used the same intracellular Ca>"
source to increase [Ca”]i. Ca’" is a major second
messenger in the LTB4 intracellular signaling pathway for
secretion. Use of distinct cellular Ca®" stores by RvEI and
RvD1 to block the LTB4—induced [Ca®"]; increase, but
only RvEl to inhibit LTB4—induced secretion, requires
further study.

In conclusion, our findings suggest a mechanism for the
protective role that Rvs play in conjunctival epithelial
inflammation. RvEl counterregulates the LTB4—induced
[Ca2+]i increase and secretion in conjunctival goblet cells
via interactions with both CMKLR1 and BLT1. By contrast,
RvD1 blocks only the LTB4—induced [Ca”]i increase via
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the ALX/FPR2 receptor. Both RvE1 and RvD1 use BARK1
to counterregulate the actions of LTB4 on goblet cell
function. Since goblet cells from different mucosal epithelial
share common characteristics, this result may also apply to
other mucosal epithelial such as airway and gastrointestinal
tract. Because resolvins are not immunosuppressive, resol-
vins could be a promising treatment for inflammatory dis-
eases of the ocular and other mucosal surfaces.
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