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Abstract

Background: Sphingosine kinase has been identified as playing a central role in the immune cascade, being a common
mediator in the cellular response to a variety of signals. The different effects of sphingosine kinase | and 2 (SphKI and
SphK?2, respectively) activity have not been completely characterized. Aim: To determine the different roles played by
SphK1 and SphK2 in the regulation of immune-mediated disorders. Methods: Nine groups of mice were studied. Con-
canavalin A (ConA) injection was used to induce immune-mediated hepatitis. Mice were treated with SphK1 inhibitor
(termed SphK-I) and SphK2 inhibitor (termed ABC294640), prior to ConA injection, and effects of treatment on liver
enzymes, subsets of T lymphocytes, and serum levels of cytokines were observed. Results: While liver enzyme elevation was
ameliorated by administration of SphK1 inhibitor, SphK2 inhibitor-treated mice did not show this tendency. A marked
decrease in expression of CD25" T-cells and Foxp+ T-cells was observed in mice treated with a high dose of SphKI
inhibitor. Alleviation of liver damage was associated with a statistically significant reduction of serum IFNy levels in mice
treated with SphK1 inhibitor and not in those treated with SphK2 inhibitor. Conclusions: Early administration of SphKl
inhibitor in a murine model of immune-mediated hepatitis alleviated liver damage and inflammation with a statistically
significant reduction in IFN-y levels. The data support a dichotomy in the anti-inflammatory effects of SphK | and SphK2, and
suggests that isoenzyme-directed therapies can improve the effect of targeting these pathways.
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to Sphingosine-1-Phosphate (S-1P).* S-1P has been shown
to play a major role in inflammatory diseases and processes.”*
S-1P levels have been shown to be elevated in systemic lupus
erythematosus™' and in coronary artery disease.'' S-1P
signaling also plays a role in the pathogenesis of fibrotic
diseases of lung, liver, and heart.'>!* In cancer, S-1P is a
highly potent molecule, acting mainly via the a cellular re-
ceptor of S-1P (S-1PR) to act both directly on cancer cells and
in the context of tumor-associated chronic inflammation.®'*'>

In the liver, SphK and S-1P have been associated with
both acute and chronic liver inflammation.'®!'” Alleviation
of lipopolysaccharide/D-galactosamine-induced acute liver
failure was achieved by inhibiting mitogen-activated
protein kinases pathway.'® SphK1 inhibition was associ-
ated with upregulation of SphK1 expression and with
decreased liver enzymes, serum TNF-alpha, and IL-6.""""°

Injection of concanavalin A (ConA) in mice induces a
cytokine and T-cell-mediated hepatitis.” The S1P receptor
agonist KRP-203 alleviated ConA-induced liver damage
via lymphocyte sequestering from the liver to secondary
lymph nodes while reducing the number of liver CD4 (+)
lymphocytes, alleviating liver damage.?'

The different effects of SphK1 and SphK2 activity
remain incompletely understood, despite intense research.
While the exact mechanism and causality is unclear, there
is much data suggesting a unique role for each of these
enzymes, which may not be cross-reactive.?**

In this study, our overall aim was to determine the role of
the SphK/S-1P axis in immune-mediated disorders and
study the different roles played by SphK1 and SphK2 in
immune regulation. We sought to study the potential role of
SphK1 and ABC294640, oral inhibitors of SphK1 and
SphK?2, respectively, in reduction of inflammation when
administered to mice in a ConA model of immune-
mediated hepatitis. Our data showed inhibition of
SphK1, but not of SphK2, and indicated a trend towards
reduced hepatic enzyme elevations, lower levels of in-
flammatory cytokines in peripheral blood, and altered
regulatory lymphocyte trafficking.

Methods and materials

Animals

Male C57BL/6 mice (11-12 weeks old), were purchased
from Harlan Laboratories and housed in the Hadassah Ein-
Kerem Sharett institute SPF animal unit. Animals were
housed in the Animal Core of the Hadassah-Hebrew
University Medical School on a 12 h light-dark cycles
with free access to water and standard chow diet. Animal
experiments were performed according to the guidelines
and with the approval of the Hebrew University-Hadassah
Institutional Committee for Care and Use of Laboratory
Animals (MD-17-15333-3).

Experimental groups

Nine groups of mice were studied as shown in Table 1 (n =
S/group; n = 3 in untreated control group). ConA, diluted
from commercially available powdered solution in an
appropriate stock solution (Merck Inc.) to a concentration
of 5 mg/mL was instilled via injection to tail veins in a dose
of 100 pl per injection. Table 1 summarizes the experi-
mental and control groups.

Assessment the role of sphingosine axis
immune-mediated hepatitis

In order to determine the potential role of SphK1 and
SphK2 in immune-mediated hepatitis, the SphK1 inhib-
itor (SphK1-I, Enzo Biochem, NYC, NY) and SphK2
inhibitor (BPS Biosciences, San Diego, CA, ABC
294640), were tested. SphK inhibitors were orally ad-
ministered to treated mice by gavage, with doses differing
between groups (Table 1). Positive control mice received
an intra-peritoneal (IP) injection of dexamethasone dosed
at 1.25 mg per mouse. Mice were treated 2 h prior to ConA
injection.

Assessment the effect of cohousing on liver damage

14 h after ConA injection, mice were sacrificed according
to standard practices in accordance with IACUC standards.
Blood samples were drawn prior to or just after sacrifice.
Whole spleens were harvested ex vivo.

Liver enzymes. Biochemical analysis of blood serum for
measurement of alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) was determined using a
Reflotvet Plus clinical chemistry analyzer (Roche).

Flow cytometry on isolated splenocytes and hepatic
lymphocytes. Spleen-derived lymphocytes were isolated as
previously described in Refs. 24 and 25. In short, harvested
spleens were supplemented with FCS buffer, pooled, and
centrifuged. Following lysis of red blood cells, flow cy-
tometry was performed on lymphocytes resuspended in
1 mL of FACS buffer (PBS + 1% BSA + 0.1% sodium
azide) using an LSR-II machine and analyzed using FSC
Express software. Splenocytes were stained for CD4, CD8,
CD25, NK1.1, and Foxp3 epitopes. Cell harvested from all
mice in each group were pooled and analyzed together.

Cytokine measurement

Cytokine assessment was performed on serum samples
using commercially available ELISA kits (mouse IFN-
gamma qunatikine ELISA kit, MIF00; R&D systems)
for quantification of Interferon-y levels.
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Table I: Experimental and control groups.

Group name ConA injection Treatment N
Control — — 3
Negative control + — 5
Positive control + Dexamethasone 1.25 mg 5
Low dose SphKIl-I + SphKI-I 20 mg/kg 5
High dose SphKI-I + SphK1-l 50 mg/kg 5
SphK2 + ABC 294640 50 mg/kg 5
SphKI low dose — SphKI-I 20 mg/kg 5
SphK1 high dose — SphK1-I 50 mg/kg 5
SphK2 group — ABC 294640 50 mg/kg 5

SphKI: Sphingosine Kinase I; SphK2: Sphingosine Kinase 2
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Figure |. Effect of sphingosine inhibition on liver enzymes: (a) ALT and (b) AST. Serum levels at the end of the study were measured by

photometry in all treatment and control groups and are presented in IU/L£SE. ALT: Alanine aminotransferase; AST: Aspartate

aminotransferase
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Figure 2. Effect of sphingosine inhibition on lymphocyte subsets: FACS analysis was performed on splenocytes harvested from mice in
all treatment and control groups at the end of the study. Isolated cells were stained for CD4, CD25 and Foxp3 epitopes and counted
using cell sorter. Data are presented in percentages of fractions of cells for the four subsets of lymphocytes. Representative FACS plots
are displayed. (a): Fraction (%) of CD4-gated Foxp+ CD25" Tregs across treatment groups, (b): Fraction (%) of CD8-gated Foxp3+
CD25" Tregs across treatment groups, (c): Fraction (%) of CD4" CD25-cells, and (d): Fraction (%) of CD8" CD25-cells.

Statistical analysis

Statistical analysis of quantitative variables was carried out
using Kruskal-Wallis and Mann—Whitney tests. The
threshold p-value for statistical significance was pre-
determined at p < 0.05. Statistical analysis was performed
using SPSS software.

Results

The role of the sphingosine axis in immune-mediated
hepatitis was examined by determining the effects of
SphK-1 and SphK-2 inhibition on liver damage.

Effect of SphK inhibition on liver damage:

Figure 1(a) A shows the effect of sphingosine inhibition on
liver enzyme levels. The mean ALT level = SE (IU/1) in the
ConA only control group was 810 + 677, and, following
administration of low-dose and high-dose SphK1-I, was
reduced to 42 £+ 12 and 34 + 3, respectively. In contrast,
following administration of SphK2-I, the ALT level was
elevated to 850 + 549 (p=0.09).

Figure 1(b) shows the effect of treatment on AST serum
levels. The mean AST level + SE (IU/l) was 824 + 532 in
the ConA group, and was reduced to 209 + 38 in the low-
dose SphK1-I group, and to 292 + 83 in the high-dose
SphK1-I group. Administration of SphK2 inhibitor did not
reduce AST levels, and the tested level was 864 +376
(p=0.13). While liver enzyme elevation was ameliorated by
administration of SphK1 inhibitors in all treatment groups,
SphK2 inhibitor-treated mice did not show this tendency.
Kruskal-Wallis analysis of ALT and AST levels showed
that their reduction following both SphKI1 and SphK2
inhibition did not reach statistical significance.

To determine the potential hepatotoxic effect of SphK
inhibition, the inhibitors were administered to mice without
induction of ConA hepatitis. There was no elevation of
ALT in groups treated with SphK inhibitors without in-
duction of ConA hepatitis, as compared to control mice that
received no SphK inhibitors.

Effect of SphK inhibition on T lymphocyte subsets

T-cell-mediated immune responses play a critical role in a
variety of liver injuries, including autoimmune hepatitis.
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Figure 2. Continued.

ConA-induced liver damage is T-cell-mediated. We de-
termined the effect of SphK inhibition on T-cell pop-
ulations. Figure 2 shows FACS assessment of splenocyte
population by interventional group, indicating a marked
decrease in expression of T-cells positive for CD25 cell-
surface marker and for the Foxp intracellular protein in
mice treated with the high-dose SphK1 inhibitor. These
differences were maintained across both CD4 and CD8 cell
gating.

Figure 2(a) shows differential fractions of CD4" CD25"
Foxp3+ regulatory T-cells (Tregs) in the spleen in mice
treated with various experimental materials, compared to
control mice. Induction of ConA was associated with an
increase in CD4" CD25" Foxp3+ Tregs from 7.5% in naive
mice to 13.4%. In dexamethasone-treated mice, the level
rose further, to 22.5%. Treatment with high-dose SphK1
inhibitor reduced this proportion to 6.7%. The levels in
those treated with low-dose SphK1-I and SphK2-I were
14.5% and 19.7%, respectively.

Figure 2(b) shows the effects of treatments on CD8"
CD25" Foxp3+ Tregs levels in the spleen. The proportion
of the CD8 populations showing positive for CD25 and
Foxp3 was 1.7% in naive mice and rose to 4.5% in mice
with treated with ConA. Dexamethasone treatment did not
alter that fraction, remaining at 4.9%. Treatment with high-
dose SphK1-I reduced the level to 1.6%. Treatment with
low-dose SphKI-I and/or SphK2 increased the CD8"
CD25" Foxp3+ Tregs levels to 3.9% and 4.9%,
respectively.

Figure 2(c) shows the effects of treatments on the
fraction (%) of CD4" CD25-cells in the spleen. Untreated
mice showed a fraction of 20%, lowering to 15% in ConA
mice and 5.5% in mice treated with dexamethasone. Mice
treated with SphK1 inhibitor after hepatitis showed 15% in
the low dose group and 14% in the high dose group. SphK2
inhibitor-treated mice showed a lower fraction of 4.79%.

Figure 2(d) shows the effect of treatment on the fraction
(%) of CD8" CD25-cells in the spleen. The proportion of
splenic CD8" cells was highest in untreated control mice—
9.2%. Administration of ConA lowered this fraction to 6%.
In the dexamethasone-treated group, the fraction again rose
to 8%. Administration of SphK inhibitors to ConA mice
showed similar results in the low and high dose SphK1
inhibitor groups (6.8% and 6.7%, respectively). In the
SphK2 inhibitor group, 2.7% of cells expressed these
surface markers.

The CD3" NKI.1+ subset of lymphocytes was un-
changed across treatment groups. This group accounted for
0.3% of naive mice, 0.3% of ConA mice, 0.2% of the low-
dose SphK1-I group, 0.3% of the high-dose SphK1-I group
and 0.9% of the SphK2-I group.

While pooling of splenocytes did not allow for statistical
analysis of differences due to minimization of group sizes,
a descriptive assessment of splenocyte populations showed
a return of these populations to pre-treatment levels, an
association not seen under dexamethasone and SphK2
inhibitor treatments, and seen modestly under low-dose
SphK1 inhibitor treatment (20 mg/kg).
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Figure 2. Continued.

Effect of SphK inhibition on interferon levels:

ConA hepatitis liver damage is cytokine-mediated. Figure
3 shows the effect of SphK inhibition on IFN-y serum
levels. IFN-y levels were unmeasurable in naive mice in
which hepatitis was not induced. Following induction of
ConA hepatitis, [FN-y serum levels increased to a mean of
283.9 £ 178 pg/mL. In treated groups serum levels were
reduced to 57 + 25 in dexamethasone-treated mice, 253 +
134 in mice treated with low-dose SphK1-I, 134 + 30 in
mice treated with high-dose SphK1-I, and 207 £+ 144 in
mice treated with SphK2-I. Mann—Whitney analysis of
mice treated with high-dose SPphkl-I versus untreated
ConA hepatitis mice revealed a statistically significant
reduction of IFN-y (p=0.008 by one-sided Mann—Whitney
test).

The data of all studies is included in the supplementary
file. Data of flow cytometry experiments is included in
Supplementary files A, B, and C.

Discussion

The results of the present study show that early adminis-
tration of SphK1 inhibitors in a murine model of immune-
mediated hepatitis ameliorated liver damage, reduced IFNy
levels, and altered the distribution of subsets of lympho-
cytes in the spleen. A dichotomy in the anti-inflammatory

effects between the SphK1 and SphK2 inhibition pathways
was documented. Inhibiting the SphK1 and not the SphK2
pathways decreased hepatocyte death, as measured by the
levels of the enzymes AST and ALT in the serum. Similarly,
SphK1 inhibition was associated with a statistically sig-
nificant reduction in IFN-y levels, while SphK2 inhibition
was not. FACS analysis of splenocytes showed alteration of
the distribution of lymphocyte subsets following inhibition
of SphK1. CD25" Foxp3+ Tregs were depleted in the
spleen in mice treated with high-dose SphK1 inhibitor. A
much smaller effect was observed in mice treated with
SphK2 inhibitor.

A recent study has shown the role of SphK1 in hepa-
tocyte injury showing that deletion of SphK1, but not
SphK2, attenuated GalN/LPS-induced liver damage, he-
patic apoptosis, serum alanine aminotransferase levels, and
mortality rate.”® Knockout of SphK1 in mouse model
significantly alleviated damage after hepatic I/R injury via
inhibiting inflammation and oxidative stress.”” The present
study confirms a role for Sphk1 inhibition and not Sphk2
inhibition in preventing liver injury and that inhibition of
Sphk1 has a role on preventing liver injury.

The immune system is influenced by bioactive
sphingolipids.'*® Sphingolipids have been shown to in-
fluence both innate and adaptive immune cells.'***~° They
are involved in the inflammatory capacity of cells and
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Figure 2. Continued.

immune cell trafficking.*'*? Sphingolipid manipulation,
involving inhibitors of sphingosine kinase, has been shown
to have potential to reduce inflammation in many
studies.**** Administration of glycosphingolipids (i.e.,
sphingolipids attached to a sugar group) has been shown to
play a positive anti-inflammatory role in immune-mediated
disorders both in animal models and humans, possibly
mediated via their effect on lipids rafts and natural killer
T-cells.*>>7

Sphingosine kinase has been suggested to play a central
role in the immune cascade, being a common mediator in
the cellular response to variety of signals.>' With activity of
SphK tied strongly to generation of ceramide and S-1P, it
has been observed to act in several mechanisms. Cellular
G-protein-coupled receptors for sphingosine phosphate, of
which several exist, termed S-1PRs, mediate some of the
activity of S-1P as an inflammatory mediator.****° The most
well-known of the drugs targeting these receptors is Fin-
golimod, approved for use in multiple sclerosis, which
exerts antagonistic effects on S-1PR1, beneficially influ-
encing lymphocyte trafficking via this crucial receptor.*' Its
effects have also been observed to be mediated directly
through modulation of NLRP3 inflammasome and of basic
cellular processes including oxidative phosphorylation in a
manner not requiring an activity of S-1PR.***3

The dichotomy in the effect of sphingolipids on immune
pathways has been proposed to be associated with envi-
ronmental factors, or with subsets of target immune cells

which they affect.*®*****> The present data support a
notion that targeting isoenzymes can serve as a method for
potentiating the effect of immunomodulatory agents. While
much studied, differences between physiological and
pathological actions of SphK1 and SphK2 have not been
completely characterized. Some studies suggest that
SphK1 inhibition more robustly influences inflammation,
and that SphK2 may play the role of an auxiliary
enzyme.*®*’ Other studies suggest SphK2 may play a
counter-regulatory function to SPHK1, driving apoptosis
where SphK1 drives proliferation and survival.*® The data
from the present study do not support a role for inhibition of
SphK2 in attenuating inflammation or in changing immune
cell signatures in a model of immune-mediated liver injury.

Our study suggests a role for altered Tregs trafficking in
attenuation of inflammation in ConA-induced hepatitis.
Tregs have been known to promote tolerance in the context
of experimental ConA hepatitis.**>® Localization to in-
flamed tissue has been observed in Tregs and is thought to
promote their regulatory function in inflammation.’'~°
While the specific importance of SphK1 in Tregs has
not been extensively studied, our results showing attenu-
ated inflammation concomitant with reduced splenic Tregs
may suggest that SphK1 inhibition during acute inflam-
mation promotes Tregs recruitment from blood and splenic
pools to the liver, reducing tissue inflammation. Future
experiments may test this hypothesis by performing im-
munohistochemical stains on harvested liver samples. If
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Figure 3. Effect on sphingosine inhibition on IFNy serum levels: Serum IFNYy levels were measured by ELISA in all treatment and control
groups at the end of the study. Data are presented in pg/ml +SE IFN-y: Interferon
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Figure 4. The potential mechanism for the effect of SK inhibitors in hepatitis.

these stains reveal an increased Tregs population in the liver,
this will point towards enhanced Tregs localization as a
driving force behind reduced inflammation. Of note, ad-
ministration of SphK2 inhibitor, but not of SphK1 inhibitor,

lowered fractions of CD4" CD25-and CD8" CD25-cells in
spleen compared to their levels in ConA only mice.

Figure 4 shows a potential mechanism for the dichot-
omy of the two inhibitors.
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Pre-clinical and clinical studies suggested that targeting
sphingolipids via the oral route can exert an effect on the
systemic immune system.?*7**>7-% Whether the effect is
exerted by absorption or via an effect on the gut immune
system cannot be determined based on the current data.
Future studies will determine whether adequate levels are
reached in blood and which cells in the intestine are af-
fected by oral administration.

Study limitations

While several metrics in the present study did not reach
statistical significance, likely due to small sample sizes and
the preliminary nature of the study, the noted trends support
further studies in additional models for better under-
standing of the SphK1/SphK2 dichotomy. Future studies
will focus on measuring of SphK activities in target cells
and on the cellular effect in mRNA and protein levels in
immune cells. The effect of SphK pathway on recruitment
and activation of NKT cells and of conventional T-cells,
and on additional pro-inflammatory cytokines, which
contribute to development and progression of Con A-
induced damage is yet to be determined along with his-
tology and Tunnel assays on liver tissues.

Conclusions

Sphingosine Kinase-dependent pathways play a major role
in the pathogenesis of inflammatory pathways. The data
from the present study suggest different roles for SphK1 and
SphK2 in these pathways. The data support a potent role for
SphK1 inhibition in immune-mediated hepatitis model,
suggesting that targeting these pathways requires differen-
tiation between SphK1 and SphK2 inhibitory pathways.
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