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Aspirin Triggered Resolvin D1 reduces inflammation
and restores saliva secretion in a Sjogren’s syndrome
mouse model
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Bryan G. Trump' and Olga J. Baker'

Abstract

Objectives. SS is characterized by chronic inflammation of the salivary glands leading to loss of secretory function,
thereby suggesting specialized pro-resolving mediators targeting inflammation to be a viable option for treating SS.
Previous studies demonstrated that aspirin-triggered resolvin D1 (AT-RvD1) prevents chronic inflammation and enhances
saliva secretion in a SS-like mouse model when applied before disease onset. However, this therapy cannot be used in
SS patients given that diagnosis occurs post-disease onset and no reliable screening methods exist. Therefore, we
examined whether treatment with AT-RvD1 reduces SS-like features in a mouse model post-disease onset.
Methods. Tail vein injections were performed in a SS-like mouse model both with and without AT-RvD1 post-disease
onset for 8 weeks, with salivary gland function and inflammatory status subsequently determined.

Results. Treatment of a SS-like mouse model with AT-RvD1 post-disease onset restores saliva secretion in both females
and males. Moreover, although AT-RvD1 treatment does not reduce the overall submandibular gland lymphocytic infiltration,
it does reduce the number of T helper 17 cells within the infiltrates in both sexes. Finally, AT-RvD1 reduces SS-associated
pro-inflammatory cytokine gene and protein expression levels in submandibular glands from female but not male mice.
Conclusion. AT-RvD1 treatment administered post-disease onset reduces T helper 17 cells and successfully restores
salivary gland function in a SS mouse model with variable effects noted by sex, thus warranting further examination of
both the causes for the sex differences and the mechanisms responsible for the observed treatment effect.

Key words: salivary glands, lipid mediators, resolvins, lipoxins, formyl peptide receptor 2, cytokines, lympho-
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Rheumatology key messages

o Aspirin-triggered resolvin D1 treatment post-disease onset restores saliva secretion in SS-like mice.

o Aspirin-triggered resolvin D1 treatment reduces Th17* cell number in submandibular gland from SS-like mice.

o Aspirin-triggered resolvin D1 treatment reduces pro-inflammatory cytokine expression in submandibular gland
from female SS-like mice.

autoantibodies [2]. Prevalence estimates range from 2 to
10 per 100000 [3, 4] with associated complications ranging
from caries and candidiasis to infection of the parotid gland
as well as parotid tumours and lymphomas [5, 6]. Together,
these issues impose significant physical, psychological and
economic burdens on patients with SS [7]. Although exten-
sive investigation has been carried out to understand SS, the
causes of the disease are still unknown and adequate thera-
pies are lacking [8-10]. Specifically, current interventions in-
clude saliva substitutes with limited effectiveness and
medications (e.g. pilocarpine, cevimeline) that provide only

Introduction

SS is a systemic autoimmune disease characterized by dry
eyes and dry mouth [1]. It is classified either as primary (i.e.
when it occurs by itself) or secondary (i.e. when it is asso-
ciated with another autoimmune disease such as lupus or
rheumatoid arthritis), with both forms containing serum

School of Dentistry, University of Utah, Salt Lake City, UT, USA
Submitted 14 September 2018; accepted 7 February 2019
*Spencer Dean and Ching-Shuen Wang contributed equally to this

study.

Correspondence to: Olga J. Baker, School of Dentistry, University of
Utah, Salt Lake City, UT 84108-1201, USA.
E-mail: olga.baker@hsc.utah.edu

temporary relief [11]. In light of the high degree of need and
the limitations of current therapies, development of novel
treatments to restore salivary gland function is essential.
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Uncontrolled inflammation is now recognized as a unifying
component in many chronic conditions including vascular
diseases, metabolic syndrome, neurological diseases,
chronic pain and SS among others [12-14]. Although treat-
ment of inflammation is nothing new, traditionally it has
involved only inhibition of factors that drive inflammation,
including vasoactive amines, eicosanoids, cytokines, che-
mokines and cell adhesion molecules, as is the case when
ibuprofen is administered [15]. This form of intervention dam-
pens inflammation but also limits the degree of healing that
may occur [15]. By contrast, specialized pro-resolving lipid
mediators (SPM) diminish inflammation while actually pro-
moting natural healing processes by blocking inflammatory
cytokines and at the same time accelerating tissue repair,
thereby leading to more complete recovery [16]. With their
discovery by Charles Serhan more than a decade ago, SPM
emerged as a powerful new paradigm for inflammation reso-
lution, with recent results demonstrating benefits for a host
of conditions ranging from bacterial infection to chronic in-
flammation and compromised immunity [17].

Our previous studies demonstrated that mouse and
human salivary glands express the functional machinery
for biosynthesizing the SPM family member resolvin D1
(RvD1) [18]. Moreover, RvD1 as well as its aspirin-triggered
epimer (AT-RvD1) activate their receptor, formyl peptide
receptor 2 (ALX/FPR2), to increase calcium concentration
and AKT signalling in salivary gland cells [19, 20]. In turn,
these pathways block cytokine-mediated caspase-3 acti-
vation and increase of cell survival, tissue migration and
epithelial integrity [19]. More recently, we demonstrated
that AT-RvD1 prevents chronic inflammation and en-
hances saliva secretion in a SS-like mouse model when
applied before disease onset [21]. However, this therapy
cannot be used in SS patients given that diagnosis occurs
post-disease onset and no reliable screening methods
exist [22]. Therefore, we determined whether treatment
with AT-RvD1 reduces SS-like features in a mouse
model post-disease onset. Our study demonstrates that
treatment of a SS-like mouse model with AT-RvD1 post-
disease onset restores saliva secretion in both females and
males. Moreover, although AT-RvD1 treatment does not
reduce the overall submandibular gland (SMG) lympho-
cytic infiltration, it does reduce the number of T helper
17 cells within the infiltrates as well as SS-associated cyto-
kine expression levels in SMG from female mice. In con-
clusion, AT-RvD1 treatment administered post-disease
onset reduces T helper 17 cells and successfully restores
salivary gland function in a SS mouse model with variable
effects noted by sex, thus warranting further examination
of both the causes of the sex differences and the mech-
anisms responsible for the observed treatment effect.

Methods

Animals

All animal studies were performed under protocols
approved by the University of Utah Institutional Animal
Care and Use Committee. NOD/ShiLtJ mice (SS-like
mouse model) at 12weeks (females) and 16 weeks
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(males) of age totalling 10 animals per group were treated
twice a week for 8 weeks via tail vein injections with EtOH
(8.5%, vehicle control) or AT-RvD1 (0.1 mg/kg, Cayman
Chemical, Ann Arbor, MI, USA), with doses [23] and
ages chosen on the basis of previous studies indicating
disease onset in the SS-like mouse model to vary by sex
[21]. Female mice at 20 weeks of age and male mice at
24 weeks of age were euthanized using 80-100 mg/kg
ketamine + 5 mg/kg xylazine followed by abdominal ex-
sanguination. SMG were then removed and fixed in for-
malin or treated with either RNAlater (Thermo Fisher
Scientific, Waltham, MA, USA) or RIPA buffer with Triton
X-100 (Alfa Aesar, Ward Hill, MA, USA) for the experi-
ments described below.

Measurement of stimulated salivary flow rate

Mice were anaesthetized with 80-100mg/kg keta-
mine + 5mg/kg xylazine via an intraperitoneal injection
with a combination of pilocarpine-HCI/PBS (40 mg/kg)
and isoproterenol (0.4 mg/kg) to stimulate saliva secretion.
Then, saliva was collected for 5 min using a 200 pl pipette.
Total saliva weight was measured using a microbalance
(Mettler Toledo, Columbus, OH, USA) while volume of
saliva was measured using a pipette (Eppendorf AG,
Hauppauge, NY, USA). Statistical results were analysed
as described below.

Histopathological evaluation

Tissue sections were stained with haematoxylin and eosin
(H&E) and visualized on a Leica DMI6000B inverted micro-
scope with a grading scale of 0-4 to assess the degree of
lymphocytic infiltration, as previously described [21].
Grades correspond to the number of foci (aggregate of
50 or more lymphocytes) per 4 mm? as follows: 0: no in-
filtrates; 1: slight infiltrate; 2: moderate infiltrate or <1
focus; 3: one focus per 4mm? and 4: >1 focus per
4mm?,

Immunofluorescence

Deparaffinization and antigen retrieval (Tris-EDTA with
0.05% Tween 20) of 5um-thick paraffin-embedded
mouse SMG sections were performed, as previously
described [24, 25]. SMG sections from various treatment
groups were then blocked in 5% goat serum in phosphate
buffered saline with 0.05% Tween-20 (PBST) for 1h at
room temperature and incubated overnight at 4°C with
rat anti-CD4 Alexa Fluor 488 (Bio-Rad, Hercules, CA,
USA) and rabbit anti-retinoic acid receptor-related
orphan receptor y (RORy; Abcam) antibodies at 1: 250
dilutions in 5% goat serum (PBST). Specimens were
then incubated for 1h with anti-rabbit Alexa Fluor 568
secondary antibodies at 1: 250 dilutions in 5% goat
serum (PBST). Subsequently, sections were stained for
5min with TO-PRO-3 lodide nuclear stain (Invitrogen) at
1: 1000 dilutions. Finally, specimens were analysed using
a confocal Zeiss LSM 700 microscope (Carl Zeiss,
Oberkochen, Germany) at x20 magnifications. A total
depth of 5um was acquired for each sample and a total
projection was visualized in the xy planes.
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Quantitative polymerase chain reaction

A detailed cDNA preparation can be obtained from a pre-
vious study [21]. Total cDNA from SMG was diluted at 1:
50 ratios and used as templates for quantitative polymer-
ase chain reaction (QPCR). Reactions were then carried
out by adding 2.5 pl (stock 10 um) of each primer, consist-
ent with procedures from a previously published study
[21], as follows: B-actin forward: 5'-GTAACAATGCCATG
TTCAAT-3’; B-actin reverse: 5-CTCCATCGTGGGCCGCT
CTAG-3'; interferon-y forward: 5-TTCTTCAGCAACAGCA
AGGC-3'; interferon-vy reverse: 5-TCAGCAGCGACTCCTT
TTCC-3'; interleukin-17 forward: 5-TCTCCACCGCAATG
AAGACC-3’; interleukin-17 reverse: 5-CACACCCACCAG
CATCTTCT-3'; interleukin-1p forward: 5-GCACTACAGG
CTCCGAGATGAAC-3'; interleukin-1pB reverse: 5'-TTGTC
GTTGCTTGGTTCTCCTTGT-3';  transforming  growth
factor B1 forward: 5-CACCGGAGAGCCCTGGATA-3;
transforming growth factor 1 reverse: 5-TGTACAGCTG
CCGCACACA-3' - with 5pul of 1: 50 cDNA dilutions and
10l of 2x SYBR Green master mixes (Bio-Rad). Finally,
PCR experiments were performed on 96-well plates and
relative fold changes of gene expression normalized using
B-actin.

Western blot analysis

Protein lysates from mouse SMG were obtained using
RIPA buffer containing a cocktail of protease inhibitors
(Sigma-Aldrich, St Louis, MO, USA) and dissociated using
a Sonic Dismembrator (Thermo Fisher Scientific, Waltham,
MA, USA). Samples were centrifuged at 12000 g for 10 min
to remove cellular debris and protein concentration deter-
mined using a detection kit (Thermo Fisher Scientific,
Waltham, MA, USA) and denatured by boiling in Laemmli
buffer for 7 min; 50 pg of total protein was then loaded in a
gradient 4-15% SDS-PAGE gel and transferred to a nitro-
cellulose membrane (Bio-Rad). At this point, membranes
were incubated with 30% hydrogen peroxide for 30 min
and blocked for 1h at room temperature using 3% BSA
in Tris-buffered saline (0.137 M NaCl, 0.025M Tris, pH 7.4)
containing 0.1% Tween-20 (TBST) and immunoblotted
overnight at 4°C with the following primary antibodies in
TBST containing 3% BSA at a 1: 500 dilution: rabbit anti-
B-actin, rabbit anti-TGFB1, rabbit anti-IL-17, rabbit anti-
IFNy and rabbit anti-IL-18 (all from Abcam, Cambridge,
UK). After incubation, membranes were washed three
times for 10 min each with TBST, incubated with peroxid-
ase-linked goat anti-rabbit IgG antibody (Cell Signalling
Technology, Danvers, MA, USA) and diluted 1: 5000 in
TBST containing 3% BSA at 4°C overnight. Membranes
were then washed three times for 10 min each with TBST
and treated with a Clari’(yTM detection reagent (Bio-Rad).
The protein bands were subsequently visualized using a
ChemiDoc™" MP imager and band intensities quantified
using Image Lab 4.1 software (Bio-Rad), with B-actin
used for protein normalization. Finally, relative protein ex-
pression level was calculated as the ratio of target proteins
to B-actin.

https://academic.oup.com/rheumatology

Data handling and statistics

Data presented are mean +S.D. and were analysed using
Prism (GraphPad Software, Inc., San Diego, CA, USA) and
Student’s t-test, and P-values <0.05 indicate significant
difference.

Results

Treatment with AT-RvD1 at disease onset restores
saliva flow rates

To determine the effects of AT-RvD1 treatment on saliva
flow rates in the SS mouse model at disease onset (i.e.
displaying salivary gland hypofunction), animals were
treated as described in ‘Methods’. Results show that
both female and male mice treated with AT-RvD1
showed a significant increase in saliva flow rates as com-
pared with vehicle-treated controls (Fig. 1), thus indicating
AT-RvD1 to be effective in promoting saliva secretion in
both sexes.

Treatment with AT-RvD1 at disease onset does not
affect lymphocytic infiltration

To determine the degree of lymphocytic infiltrations in AT-
RvD1-treated SS-like mice at disease onset (female at 12
weeks and male at 16 weeks), SMG tissue was stained
with H&E and histopathological analysis performed, as
described in ‘Methods’. SMG from AT-RvD1-treated and
untreated female mice showed a grade 4 lymphocytic in-
filtration, while male mice showed a grade 2 in both con-
ditions (Fig. 2), thus indicating that systemic AT-RvD1
treatment has no appreciable impact on general immune
cell infiltration in either female or male SS-like mouse SMG
as these values remained constant in pre- and post-treat-
ment measures.

Treatment with AT-RvD1 at disease onset decreases
the number of Th17 cells

In light of the lack of general immune effect noted above,
we examined the presences of specific T cell populations
within SMG infiltrates as an alternative approach for
demonstrating a possible effect of AT-RvD1 on immunity.
In particular, we quantified the amount of Th17 cells within
the infiltrates, with results indicating that expression of the
Th17 cell-specific markers RORy and CD4 was signifi-
cantly reduced in SS-like mice treated with AT-RvD1
(Fig. 3B, E) as compared with the vehicle group (Fig. 3A,
D). These findings suggest that treatment with AT-RvD1
limits infiltration of a specific SS-associated cell popula-
tion (i.e. Th17) in SMG from both sexes.

Treatment with AT-RvD1 at disease onset decreases
pro-inflammatory cytokine expression in female mice

Upregulation of pro-inflammatory cytokines (e.g. IL-1, IL-
17 and IFNy) has been previously observed in serum and
salivary glands from both humans with SS and SS-like
mice [26-29]. To determine whether treatment of AT-
RvD1 reduced levels of these cytokines post-disease
onset (female at 12 weeks and male at 16 weeks), quan-
titative PCR and western blot analyses were performed
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Fic. 1 Treatment with AT-RvD1 post-disease onset restored saliva flow rates in SS-like mice

] 1.5- Female
£
E
3
o *
g 1.0
s
&
(]
>
w 0.51
w
o
s
K]
S
E
¢ 0.0
Vehicle AT-RvD1

1.5 s
1.0
%
0.51
- Vehicle AT-RvD1

Mice were treated as described in ‘Methods’. Whole saliva was then collected using an intraperitoneal injection with
pilocarpine (40 mg/kg) and isoproterenol (0.4 mg/kg). Results are representative of n=5 mice/condition and data ex-
pressed as mean + SD, with *P < 0.05 indicating a significant difference from controls. AT-RvD1: aspirin-triggered resolvin

D1.

Fic. 2 Treatment with AT-RvD1 post-disease onset did not affect lymphocytic infiltration in SS-like mice
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Mice were treated as described in ‘Methods’ and SMG were then harvested, sectioned, stained with H&E and graded as
described in ‘Methods’. (A) Each point in the graph represents the average of the grades taken at three levels from a
single mouse SMG (i.e. top, middle and bottom), with a grade of 3 indicating severe lymphocytic infiltration in SMG.
(B) Lymphocytic foci are shown by yellow dotted lines; scale bar: 1000 um. Results are representative of n=3 mice/

condition. AT-RvD1: aspirin-triggered resolvin D1.

in SMG from both sexes of SS-like mice. As shown in Fig.
4A, SMG from 20-week female SS-like mice treated with
AT-RvD1 displayed a significant gene downregulation of
IL-1B, IL-17 and IFNy as compared with vehicle-treated
controls. In contrast, SMG from 24-week male NOD/
ShiLtJ mice treated with AT-RvD1 show no such changes
(Fig. 4). Consequently, AT-RvD1 treatment has been
demonstrated to be effective in diminishing SS-asso-
ciated cytokine gene expression in SMG from female
mice but has as yet shown no significant effect in the
male cohort. As shown in Fig. 4B, SMG from 20-week
female SS-like mice treated with AT-RvD1 displayed a
significant protein downregulation of IL-1B, IL-17 and
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TGFp as compared with vehicle-treated controls. In con-
trast, SMG from 24-week male NOD/ShiLtJ mice treated
with AT-RvD1 did not display these same effects (Fig. 4B).
Consequently, AT-RvD1 treatment was noted to diminish
SS-associated cytokine protein expression in SMG from
female mice but has as yet shown no comparable effect in
the male cohort.

Discussion

SS is characterized by uncontrolled inflammation with T
and B lymphocyte infiltration into the salivary glands
[30-33]. Specifically, these inflammatory cells contribute

https://academic.oup.com/rheumatology
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Fic. 3 Treatment with AT-RvD1 significantly reduced infiltrated Th17 cells in SMG from SS-like mice
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(A, B, D, E) SMG from mice treated with vehicle control (A, female; D, male) and AT-RvD1 (B, female; E, male) were
harvested, formalin-fixed, paraffin-embedded and sectioned. Th17 cells were then detected with the rat anti-CD4 (green)
and rabbit anti-RORy (red) antibodies and TO-PRO-3 iodide as a nucleic acid stain (blue) and images analysed using
confocal microscopy. Representative fluorescence images from n=5 are shown with white arrows indicating Th17 cells.
(C, F) CD4* and RORy* cells within the foci were quantified (C, female; F, male) and expressed as mean + SD, with

*P < 0.05 indicating a significant difference from vehicle controls. Scale bars: 100 um. AT-RvD1: aspirin-triggered resolvin

D1; SMG: submandibular gland.

to type | interferons and toll-like receptor activation lead-
ing to disruption of salivary epithelial integrity and conse-
quent hypofunction [34-37]. The current treatment for this
condition involves the use of anti-inflammatory drugs (e.g.
glucocorticoids) that inhibit the heat and pain for temporal
relief, however, this therapy may suppress resolution of
inflammation [38]. Therefore, targeting the natural reso-
lution pathways using SPM [39, 40] appears to be the
best alternative to control inflammation and regulate the
immune system in SS.

In this study, we demonstrate that systemic treatment
of both female and male SS-like mice with AT-RvD1 post-
disease onset restores salivary gland functioning (Fig. 1).
Regarding this effect, previous studies showed that cho-
linergic signalling is disrupted in salivary glands with SS [6,
41-43] and such reduction has been associated with poor
SPM production. Specifically, vagotomy reduces local
pro-resolving mediators, thereby delaying resolution and
the ability of nerves to regulate local expression of netrin-
1, an axonal guidance molecule that activates resolution

https://academic.oup.com/rheumatology

of inflammation [44]. However, future studies will be ne-
cessary to determine whether AT-RvD1 increases salivary
gland secretion via local neural control of resolution.
AT-RvD1 did not have a significant impact on SMG
lymphocytic infiltration in either sex (Fig. 2). However,
AT-RvD1 was noted to cause a reduction of a subset of
infiltrating lymphocytes (i.e. Th17* cells) in both female
and male SMG (Fig. 3). This may be a significant obser-
vation in light of previous studies demonstrating that Th17
cells and their secretory product IL-17 are critical for the
induction of SS-like features in mouse models [45] and are
present in plasma and glandular tissue of SS patients [29].
Moreover, IL-17 derived from infiltrating lymphocytes has
been shown to impair the integrity of the TJ barrier
through the NF-xB signalling pathway, which in turn may
contribute to salivary gland dysfunction in SS [35-37, 46].
Furthermore, AT-RvD1 treatment affected a set of pro-
inflammatory cytokines that are upregulated in both
plasma and salivary glands from SS mouse models and
patients [26-28, 32]. Particularly, AT-RvD1 treatment
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Fic. 4 Treatment with AT-RvD1 significantly downregulated pro-inflammatory cytokine gene expression in SMG from

female SS-like mice
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Mice were treated as described in ‘Methods’. SMG were then removed, with RNA subsequently extracted and processed
for gPCR and western blot detection of IL-18, IL-17, IFNy and TGFp. Results are representative of n =7 mice/condition for
PCR and 4 mice/condition for western blot. Data are expressed as mean + SD, with *P < 0.05 indicating a significant
difference from controls. AT-RvD1: aspirin-triggered resolvin D1; SMG: submandibular gland.

diminished SS-associated cytokine gene expression (i.e.
downregulation of IL-18, IL-17 and IFNy) in SMG from
female mice but showed no comparable effect in male
mice. Regarding the lack of AT-RvD1 effect on SS-asso-
ciated pro-inflammatory cytokine expression levels in
male mice, previous studies showed that IL-17 modulates
cytokine production with a greater impact in female than
in male SS-like mice [47]. As for the importance of AT-
RvD1 for signalling, our previous studies demonstrated
that loss of its corresponding receptor ALX/FPR2 in
mice (i.e. Alx/Fpr2~7) caused an exacerbated inflamma-
tory response to lipopolysaccharides as compared with
wild type controls [48]. More recently, we demonstrated
that these mice spontaneously develop a significant re-
duction of saliva flow rates, upregulation of B cells and
autoantibody production as compared with controls [49],
thus indicating that the AT-RvD1 receptor ALX/FPR2

1290

helps to regulate both innate and adaptive immunity in
salivary glands.

In summary, the current study demonstrates that sys-
temic treatment of SS-like mice with AT-RvD1 post-dis-
ease onset restores saliva secretion in SS-like mice and
decreases a subset of immune cells (Th17). These studies
build on previous studies that established our ability to
prevent disease progression in a SS mouse model; how-
ever, these findings were arguably of somewhat limited
utility given our current inability to screen for SS in
humans. By contrast, the current findings offer the possi-
bility of halting disease progression once SS has mani-
fested. However, further studies are warranted to
understand the varying clinical presentation by sex, to ad-
dress the problem of lymphocytic infiltration in both
female and male mice and better understand the mech-
anisms underlying the observed treatment effect.

https://academic.oup.com/rheumatology
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