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Introduction

Viruses such as HIV, hepatitis B virus (HBV), and hepatitis C virus
(HCV) often evade or impair host antiviral immunity to establish
chronic infections (1, 2). Particularly, the loss of both CD4" and
CD8' T cell functionalities, including T cell proliferation and anti-
viral cytokine production, is observed during persistent viral infec-
tions (3-5). The infection of mice with lymphocytic choriomenin-
gitis virus (LCMV) is a useful model for the mechanistic study of
viral immune regulation as well as for the identification of cellu-
lar targets that are critical for viral persistence in humans. LCMV
infection is generally symptomless in immunocompetent humans,
but life-threatening to patients undergoing organ transplantation
(6, 7). Infection of mice with the prototypic strain of LCMV, Arm-
strong 53b (Arm), induces a rigorous CD8" T cell response that
rapidly eradicates the virus from its host. In contrast, the clone 13
(Cl113) strain of LCMV intensely suppresses the host’s immune sys-
tem, leading to viral persistence lasting over 60 days after infec-
tion (8-10). LCMV Cl 13 retains the same T cell epitopes as Arm,
but it induces T cell dysfunction. Therefore, the concept of T cell
exhaustion was established in this animal model system (5, 11).
Several T cell inhibitory molecules were proven to be important
for the generation of exhausted CD8* T cells contributing to viral
immune regulation and viral persistence (4, 12-19). Also, CD4*
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Chronic viral infections are often established by the exploitation of immune-regulatory mechanisms that result in
nonfunctional T cell responses. Viruses that establish persistent infections remain a serious threat to human health.
Sphingosine kinase 2 (SphK2) generates sphingosine 1-phosphate, which is a molecule known to regulate multiple cellular
processes. However, little is known about SphK2’s role during the host immune responses to viral infection. Here, we
demonstrate that SphK2 functions during lymphocytic choriomeningitis virus Cl 13 (LCMV CI 13) infection to limit T cell
immune pathology, which subsequently aids in the establishment of virus-induced immunosuppression and the resultant
viral persistence. The infection of Sphk2-deficient (Sphk2~/-) mice with LCMV Cl 13 led to the development of nephropathy and
mortality via T cell-mediated immunopathology. Following LCMV infection, Sphk2~/- CD4* T cells displayed increased activity
and proliferation, and these cells promoted overactive LCMV Cl 13-specific CD8* T cell responses. Notably, oral instillation of
an SphK2-selective inhibitor promoted protective T cell responses and accelerated the termination of LCMV Cl 13 persistence
in mice. Thus, SphK2 is indicated as an immunotherapeutic target for the control of persistent viral infections.

T cell help is critical for maintaining the functionality of virus-
specific CD8" T cells during a persistent viral infection. Elimina-
tionof CD4"' T cellsleads to anincrease in the number of exhausted
CD8* T cells, which results in impaired control of LCMV Cl 13
infection (5, 20, 21). Loss of CD4" T cell responses was also shown
to be associated with the exhausted CD8* T cell phenotype during
HIV and HCV infections (22, 23). Nevertheless, the detailed
mechanism by which viruses control host T cell immunity to sus-
tain viral persistence is incompletely understood.

Sphingolipids are bioactive lipid molecules that are composed
of a serine head group with 1 or 2 fatty acid tails. Sphingosine
1-phosphate (S1P) is one of several sphingolipid metabolites that is
known to be important for versatile cellular processes and diseases,
including cell survival, cellular differentiation, cell trafficking,
tumor progression, and the host immune system (24-26). S1P is
generated from sphingosine by sphingosine kinase (SphK). The 2
isoforms of SphK, SphK1 and SphK2, share the same enzymatic
function to generate bioactive SIP. However, these enzymes are
encoded by 2 different genes, have distinct subcellular local-
izations, and appear to exhibit differential biological activities,
including immune modulation (27-32). SphK1, which mainlylocal-
izes to the plasma membrane and cytosol, is known to play a key
role in the replication process of viruses, including influenza virus
(33, 34), measles virus (35), and human CMV (hCMV) (36). SphK2,
which localizes to the nucleus and cytoplasm, depending on cellu-
lar conditions, was reported to regulate cellular gene expression
during chikungunya virus (CHIKV) infection, and maintain viral
latency for Kaposi’s sarcoma-associated herpesvirus (KHSV) (37,
38). Furthermore, we recently showed that transient inhibition of
SphK1 or SphK2 promotes the control of influenza A virus (IAV)
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Figure 1. SphK2-deficient mice, but not SphK1-deficient mice, succumb
to LCMV CI 13 infection via kidney disease. (A) WT (squares), Sphk1”/-
(triangles), and Sphk2- (circles) mice were infected with LCMV CI 13 and
monitored for survival (n = 4-5 mice/group). (B) WT mice were infected
with 2 x 10° PFU LCMV CI 13 (black squares), and Sphk2~- mice were infected
with 4 x 10° (inverted triangles), 1 x 10° (diamonds), or 4 x 10° (white
squares) PFU LCMV Cl 13 (n = 4-5 mice/group). Survival was monitored for
30 days. (€) Survival of Sphk2~- mice was assessed following LCMV Cl 13
(triangles) or Arm (circles) infection (n = 5 mice/group). (B) Sphk2~- mice
were uninfected (n = 3) or infected with LCMV CI 13 (n = 8). At 18 dpi, mice
were sacrificed for histological analysis. Kidneys from uninfected or infected
Sphk2-- mice were stained with H&E. Scale bars: 500 pm. (E) WT and
Sphk2~- mice were uninfected (n = 3) or infected with LCMV Cl 13 (n = 8),
and at 18 dpi, kidneys were stained with PAS. Scale bars: 50 um. (F-H) WT
and Sphk2~- mice were infected with LCMV Cl 13 (n = 3-5 mice/group). At
15-17 dpi, when Sphk2-- mice developed severe morbidity, serum was used
for biochemistry profile analysis of total protein (F), albumin (G), and BUN
(H). (1I-K) WT and Sphk2~/- (n = 5-6 mice/group) mice were infected with
LCMV CI13. At 14 dpi, mice were administered EB dye i.v., and EB levels
were measured in kidney (I) and lung ()) tissues. At 14 dpi, the wet/dry
(WD) weight ratio for lung tissue was assessed (K). *P < 0.05; **P < 0.01;
***P < 0.001, bidirectional, unpaired Student’s t test. Data are representa-
tive of 2-3 independent experiments.

infection in mice and that both enzymes constitute proviral fac-
tors during IAV infection (39). SphK1 and SphK2 have also been
implicated in the functioning of human T helper 17 (Th17) cells
via promotion of IL-17 expression (40). Nevertheless, the role of
SphKs in regulating host immune responses to viral infections is
poorly understood.

In this study, we investigated whether the SphKs regulate
immune responses to chronic LCMV infection. SphK2-deficient
mice, but not SphK1-deficient mice, succumbed to LCMV CI 13
infection following nephropathy due to excessively elevated T
cell activity. SphK2 was shown to intrinsically inhibit CD4* T cell
proliferation and activity during LCMV Cl 13 infection, which sub-
sequently suppressed CD8* T cell responses. Importantly, oral
administration of an SphK2-selective inhibitor promoted the ter-
mination of viral persistence. The results indicate that SphK2 dis-
plays an immune regulatory function that determines the fate of
antiviral T cell responses and virus persistence and that SphK2 can
be targeted as an immunotherapeutic to chronic viral infections.

Results

Genetic ablation of SphK2 results in kidney disease and subsequent
mortality of mice upon LCMV Cl 13 infection. Although the SphKs
are known to influence diverse cellular conditions and disease
progression in several viral infections, the impact that SphKs
have on persistent viral infections is unclear. In order to investi-
gate this, we infected SphK1-deficient (Sphkl”"), SphK2-deficient
(Sphk27), and C57BL/6 WT mice with LCMV Cl 13. Unexpect-
edly, we observed that Sphk27- mice displayed severe morbidity,
including lethargy, within 1 to 2 weeks of infection (Supplemen-
tal Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/]JC1125297DS1). All Sphk27- mice
succumbed to the virus by 20 days post infection (dpi) (Figure
1A). In contrast, Sphkl”- mice, as well as WT mice, survived Cl
13 infection (Figure 1A). Sphkl”~ mice also did not have differ-
ences in LCMV Cl 13 serum titers from WT as long as 35 days
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after infection (data not shown). Sphk27- mice had increased
fluid retention, which correlated with an increase in weight in
the mice shortly before death (Supplemental Figure 1B). These
results suggest that SphK1 and SphK2 display distinctly differen-
tial functions during LCMV Cl 13 infection.

While infection of mice with 2 x 10° PFU of LCMV ClI 13 has
been well established in this persistent virus infection model
without causing immune pathology, infection with 4 x 10° PFU of
LCMV CI 13 has been shown to cause lethality in approximately
30% of infected mice (41). Therefore, we tested to determine
whether the mortality of infected Sphk2”- mice is altered by the
viral dose. For this purpose, Sphk27-mice were infected with LCMV
Cl13at4 x10°%1x10° or 4 x 10° PFU. All infected Sphk27- mice at
these doses died in a similar manner (Figure 1B), suggesting that
the observed lethal phenotype is not dependent on differences in
viral titer in this model of chronic viral infection. Furthermore, it is
apossibility that a complete deficiency of SphK2 is not required for
mortality. Therefore, we crossed WT and Sphk2”~ mice to generate
Sphk2 heterozygous (Sphk2*) mice, which were then infected with
LCMV Cl 13. Sphk2*- mice did not experience the same mortality
associated with Sphk2”- mice (Supplemental Figure 1C), and these
mice exhibited a weight change pattern similar to that of WT mice
(Supplemental Figure 1B). These results indicate that deletion of
both alleles of the Sphk2 gene is required to generate the mortality
and morbidity seen following LCMV Cl 13 infection.

The clone 13 strain of LCMV was derived from the Arm strain
of LCMV. LCMV Arm establishes an acute infection and is cleared
within 10 days of infection (8). Since LCMV Arm has the same anti-
genic targets as LCMV Cl 13, we sought to determine whether the
morbidity and mortality seen in mice lacking SphK2 was specific
to chronic viral infections. To test this, Sphk27- mice were infected
with 2 x 10° PFU of LCMV Arm. While Sphk27~ mice again suc-
cumbed to infection with LCMV Cl 13, no mortality was observed
when the mice were infected with LCMV Arm (Figure 1C). This
result indicates that the mortality observed in Sphk2”~ mice is
LCMV strain dependent and associated with systemic, persistent
LCMV Cl13 infection.

LCMV is normally a noncytopathic virus, which raises the
question of why SphK2-deficient mice died following LCMV CI 13
infection. To address this, Sphk27- mice were infected with LCMV
Cl 13 and euthanized before death. Tissue samples were then
processed for histologic assays. The analyses using H&E (Figure
1D) and periodic acid-Schiff (PAS) (Figure 1E) staining indicated
increased immune cell infiltration into the kidneys, glomeru-
lomegaly, cellular proliferation and mesangial expansion, dilated
renal tubules, cell necrosis (loss of integrity of brush border) and
accumulation of pink hyaline material (Tamm Horsfall protein), in
the kidneys of LCMV-infected, SphK2-deficient mice (Figure 1, D
and E). As a result, the potential cause of death was attributed to
kidney failure and the lesions identified as glomerulonephritis and
acute tubular necrosis. In support of this, Sphk27- mice showed an
increase in fluid retention in the peritoneal cavity as a sign of asci-
tes as well as visible discoloration of the kidneys. Furthermore, bio-
chemical analysis of the serum from infected Sphk27- mice taken
before death showed a decrease in total protein (Figure 1F) and
albumin (Figure 1G) and an increase in blood urea nitrogen (BUN)
(Figure 1H) compared with that of infected WT mice. In addition,
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changes in sodium, chloride, and potassium (Supplemental Figure
2, A-C) suggest an electrolyte imbalance and secondary hyperal-
dosteronism state as a potential cause for the fluid retention. The
altered profiles on histology and serology are similar to the known
clinical presentation of glomerulonephritis with nephrotic syn-
drome (42, 43). However, Sphk2”- mice did not have significantly
different levels of globulin, glucose, and alanine aminotransferase
(Supplemental Figure 2, D-F), which suggests that liver function
was intact and not the cause of ascites. Additionally, an Evans blue
(EB) assay was performed to assess vascular permeability in these
mice. While Sphk27- mice had increased vascular leakage in the
kidney (Figure 1I), this was not observed in the lungs (Figure 1J).
Furthermore, no change occurred in the ratio of wet/dry weight
for the lungs (pulmonary edema) of Sphk27/- mice when compared
with that of WT mice (Figure 1K), supporting the premise that heart
function was not affected. Finally, unlike the kidney, other tissues,
such as liver, lung, pancreas, brain, and heart, displayed little or
only mild immune cell infiltration in the infected mice, and no dif-
ference was noted between LCMV-infected WT and Sphk27- mice
for these tissues in histologic analysis (data not shown). Together,
our results strongly suggest that Sphk27- mice succumb to LCMV Cl
13 infection due to kidney failure from glomerulonephritis.

SphK2 deficiency induces T cell-mediated immunopathology upon
LCMV Cl 13 infection. Immune cell infiltration into the kidneys of
infected Sphk2”- mice suggests a possible role of the immune sys-
tem in the observed mortality. Furthermore, the significant mor-
bidity and mortality of the Sphk2”~ mice were observed only after
the first week of infection (Figure 1A and Supplemental Figure 1).
This suggests that the adaptive immune response may directly
contribute to the pathogenic consequence of LCMV Cl 13 infec-
tion in these mice. Indeed, LCMV Cl 13 infection-induced mor-
tality was reported to be associated with the dysfunction of virus-
specific CD8" T cells (44, 45). Thus, we analyzed virus-specific
CD8" T cell responses in WT and Sphk27- mice upon LCMV CI 13
infection. To analyze virus-specific CD8* T cells, we used an LCMV
immunodominant epitope GP,, , -specific, fluorochrome-labeled,
MHC-I-restricted tetramer (GP33 Tet*) as well as restimulation of
cells with GP,_ ,, peptide (GP33/CD8). SphK2 deficiency substan-
tially increased the generation of GP33 Tet* CD8" T cells at 7 dpi
(Figure 2A). Simultaneously, IFN-y-producing GP33/CD8" T cells
were found to increase in the spleen of Sphk27- mice (Figure 2B).
This was also observed with CD8* T cells specific to other LCMV
epitopes, GP276 and NP396 (Supplemental Figure 3, A and B).
These responses were even evident at 5 dpi, at which time there
were increases in the portions of GP33 Tet* CD8" T cells (Figure
2C), granzyme B-producing GP33 Tet* CD8" (Figure 2D), and
IFN-y-producing GP33/CD8" T cells (Figure 2E).

The product of the SphK enzymatic reaction, S1P, affects
lymphocyte trafficking to lymphoid organs (46). Therefore, we
assessed whether the observed phenotype was due to a disruption
of virus-specific T cell trafficking in Sphk27- mice by analyzing
virus-specific CD8* responses in a nonlymphoid organ. Similarly
to LCMV-specific CD8* T cell responses in the spleen, the increase
in GP33 Tet* CD8" T cells was observed in the livers of Sphk2”-
mice compared with WT mice (Figure 2F). This result suggests
that no significant disturbance of CD8" T cell trafficking occurred
due to the absence of SphK2 during LCMV Cl 13 infection.
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Since robust CD8* T cell responses were observed in Sphk2”-
mice during LCMV Cl 13 infection, we speculated that the lethality
of these mice might be due to excessive CD8" T cell responses fol-
lowing infection. In order to test this, CD8"* T cells were depleted
before LCMV Cl 13 infection. Depletion of CD8* T cells rescued
Sphk27- mice from LCMV infection-induced mortality (Figure
2G). These data indicate that virus-specific, Sphk2-deficient CD8"
T cell responses become exacerbated following infection, leading
to the death of Sphk2~/- mice.

The activation of CD4" T cells is required to maintain antiviral
CD8" T cell responses during LCMV Cl 13 infection (20, 21). Thus,
we assessed whether CD4* T cell responses contribute to the mor-
tality of Sphk27-mice upon LCMV Cl13infection. Sphk27-mice had
significantly more LCMV GP,, .. (GP66) epitope-specific CD4* T
cells compared with WT mice, which was determined by using a
fluorochrome-labeled GP66 tetramer (GP66 Tet*) at 7 dpi (Figure
3A). CD4" T cells expressing IFN-y or IL-2, which were measured
by ex vivo stimulation with LCMV GP,, . (GP61) peptide (GP61/
CD4"), significantly increased in the absence of SphK2 following
LCMV Cl 13 infection (Figure 3, B and C). Also, a higher number
of CD4" T cells were undergoing active proliferation (Ki67%) in
Sphk2”- mice compared with WT mice upon LCMV Cl 13 infection
(Figure 3D). In a similar manner to CD8* T cell responses, a higher
frequency of LCMV-specific CD4* T cells were observed in a non-
lymphoid organ, the liver, from Sphk2”7- mice (Figure 3E). These
data indicate that SphK2 deficiency also results in enhanced CD4*
T cell responses following LCMV Cl 13 infection.

LCMV (I 13 infection was previously reported to eliminate
activated CD4* T cells, which affects CD8* T cell function, leading
to viral persistence (5, 47). However, failure to eliminate activated
CD4* T cells could have a deleterious impact on the host during an
inflammatory response. Since Sphk2”7- mice have enhanced CD4"
T cell responses, we hypothesized that this might contribute to the
morbidity and mortality caused by LCMV Cl 13 infection in addition
to or in concert with the enhanced CD8" T cell response. Therefore,
we depleted CD4* T cells before LCMV Cl 13 infection. Depletion
of CD4" T cells also rescued Sphk27- mice from infection-induced
lethality (Figure 3F). Of note, Sphk27- mice generated stronger
CD4" T cell responses to LCMV Arm than the WT controls (Sup-
plemental Figure 4, A and B), while similar CD8" T cell responses
to Arm were observed (Supplemental Figure 4, C and D). This sug-
gests that SphK2 may have a direct function on the overall response
of CD4" T cells to a viral infection, but differences in how the LCMV
Arm and Cl 13 infections progress lead to differential effects on the
host. Taken together, these results indicate that SphK2 deficiency
induces an enhanced CD4* T cell response, which contributes to
the immunopathology observed in the Sphk27- mice. However,
despite the increased T cell immunity, viral titers did not signifi-
cantly decrease in the spleen of Sphk27- mice at 7 dpi (Supplemen-
tal Figure 5). This suggests that SphK2-deficient mice became
moribund from the immune pathology soon after infection, yet the
systemic spread of LCMV Cl 13 was not prevented.

Since Sphk2”- mice succumbed to LCMV Cl 13 infection due
to immune pathology with kidney disease, we further assessed
the populations of immune cells infiltrating into the kidneys
upon infection. We discovered an increase in the percentages
and numbers of both GP66 Tet* CD4" T cells and GP33 Tet*
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A B Figure 2. Deletion of SphK2 causes lethal CD8* T
124 * 20 0.07 cell-mediated immunopathology upon LCMV Cl 13
%o 10— . - 'g - infection. (A and B) WT or Sphk2~- mice (n = 3 mice/
8 N B % 15 group) were infected with LCMV Cl 13. (A) The total
Lo % Py number of LCMV GP33 (GP,, ) tetramer* CD8" T cells
o = =2 . .
) 8 10 in the spleen were analyzed 7 dpi by flow cytometry.
3 Z (B) Splenocytes were stimulated with GP33 peptide,
Lo ic
% = = SDo 5 and the number of IFNy-producing CD8* T cells was
1+ o determined by flow cytometry. (C-E) WT or Sphk2~/-
0- mice (n = 6 mice/group) were infected with LCMV

WT Sphk2+- WT  Sphk2* Cl13 and analyzed 5 dpi for the percentage of G.P33
Tet* CD8* T cells (C). Splenocytes from these mice
were stimulated with GP33 peptide, and they were

c WT Sphk2"- 20 then analyzed for the percentage of GP33 Tet* cells
7 expressing granzyme B (D) and total CD8* T cells
[ 6.0%| 1 12.2% %’ i expressing IFN-y (E). (F) Frequency of GP33 Tet*
E E o 15 a" CD8* T cells was determined out of the total CD8*
% L populations in the livers of LCMV Cl 13-infected mice
] ] ';) 8 10 at 7 dpi (n = 3-4 mice/group). (G) Survival curve of
E) © = s %—: Sphk2- mice (n = 4-5 mice/group) after depletion
o 1 ] 0] 5 (aCD8 + LCMV ClI13) or no depletion (LCMV Cl 13) of
Py R CD8" T cells is shown. *P < 0.05; **P < 0.01; ****P <
O i i . 0 T 0.0001, bidirectional, unpaired Student’s t test. Data
CD8 > WT Sphk2"- are representative of 2-3 independent experiments.
D
% GranB 50+ . A— CD8* T cells (Supplemental Figure 6, A and
1 Q % 40— - : B). However, we observed a decrease in the
.......... WT 24.7% & ﬁ 30 o percentage of B220* cells with no change in
—— Sphk2” 38.4% & & o number (Supplemental Figure 6C). Further-
895 20- .® more, there was a significant increase in neu-
2 % 104 trophils (Ly6G'Ly6C* cells) (Supplemental
o Figure 6D). There was an increase in the num-
- et - - . 0 I ber but not percentage of CD11b* cells, while
GranzymeB/GP33 Tet* CD8* T cells ——> WT  Sphk2” we observed no altered population of CD11c*
E cells (Supplemental Figure 6, E and F). There-
Sphk2+- 10— " fore, multiple immune cells, such as CD4* and
] & _— CD8* T cells and neutrophils, infiltrate into
1 I 8 8+ " kidneys, which may greatly contribute to the
] 2.9% 5.6% g 2 6 observed nephritis in Sphk27- mice.
] i o 8 N The expression of SphK2 in CD4* T cells, but
] 3 4 P not in CD8" T cells, is necessary for the inhibition
1 E L 2] [e%e of T cell expansion following LCMV ClI 13 infec-
% _ & 0 1 tion. Our data show that SphK2 modulates both
= CDé ' ' ' IR WT  Sphke* CD4* and CD8* T cell expansion and activity
during LCMV Cl 13 infection. We next sought
F G to determine whether the suppressive functions
—&LCMV CI 13 of SphK2 on T cell responses during LCMV Cl
8— 100 —8-aCD8 + LCMV CI 13 ° 13 infection originated from an intrinsic, cel-
*

lular role, or an extrinsic, distal source. To this

©
8 6 2 end, we generated SphK2-deficient, GP33 or
f;.'j % a % GP61-specific T cell receptor (TCR) Tg mice.
o o coe = 507 First, SphK2-sufficient (Sphk2*/*) or Sphk2’-
% 5 ° % Thyl.1* GP33/CD8" T cells were adoptively
2 o transferred into WT mice (Figure 4A), which
0 T 0 T T T T d 1 were subsequently infected with LCMV Cl 13.
WT  Sphk2" 0 5 10 15 20 25 30 At 8 dpi, the expansion of the adoptively trans-

Days after infection ferred GP33-specific CD8* T cells was assessed

based on their Thyl.1 congenic marker. This
adoptive transfer system allowed us to monitor
the specific effects SphK2 deficiency had on
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CD8" T cells in the absence of external SphK2-deficient factors,
such as SphK2-deficient innate cells. Sphk27- CD8" T cells did not
accumulate to a higher level than Sphk2*/* CD8* T cells upon LCMV
Cl 13 infection (Figure 4B). This indicates that SphK2 functions as
an extrinsic factor in the suppression of CD8" T cell responses.
To support this, we performed another set of adoptive transfer
experiments: Sphk2*/* Thyl.1* GP33/CD8" T cells were adoptively
transferred into either WT or Sphk2”- mice. These mice were
then infected with LCMV Cl 13, and the expansion of transferred
GP33-specific CD8* T cells was monitored and compared. The
portion of reactive virus-specific CD8" T cells was significantly
increased after transfer into a Sphk2”- environment versus a WT
environment, indicating an extrinsic role for SphK2 in the case of
CD8" T cells (Supplemental Figure 7A).

Subsequently, we examined the intrinsic or extrinsic role of
SphK2 in the enhanced CD4" T cell responses. Unlike CD8" T
cells, when Sphk2*/* or Sphk27/- CD45.1* GP61/CD4" T cells were
adoptively transferred into WT mice followed by infection with
LCMV ClI 13 (Figure 4C), LCMV-specific Sphk27- CD4* T cells
expanded significantly more than Sphk2*/* CD4* T cells (Figure 4,
D and E). This indicates that SphK2 functions in a CD4* T cell-
intrinsic manner to negatively regulate CD4" T cell expansion
upon infection. To support this, Sphk2*/* GP61-specific CD4* T
cells were adoptively transferred into WT or Sphk2”- mice. The
Sphk2+/* CD4" T cells did not expand differentially in either condi-
tion, which confirms the CD4* T cell-inherent, suppressive func-
tion of SphK2 (Supplemental Figure 7B).

While our data show that SphK2 regulates the expansion of
CD4' T cells, they do not directly indicate whether SphK2 affects
the proliferation of these CD4" T cells or regulates an increase in
their number and responsiveness via other means. To determine
this, we performed an in vitro proliferation assay. BM-derived DCs
(BM-DCs) were infected with LCMV Cl 13. CFSE-stained Sphk2+/*
or Sphk2”/- GP61-specific CD4" T cells were then incubated with
the infected BM-DCs. After 5 days of incubation, we analyzed the
proliferation of these CD4" T cells, which was judged by dilution
of CFSE. Sphk27/- CD4* T cells proliferated at a higher rate than
Sphk2** CD4* T cells (Figure 4F). Interestingly, Sphk2”/- CD4*
T cells also proliferated better than Sphk2*/+ CD4* T cells when
BM-DCs, mounted with GP61 peptide, were stimulated by the
TLR7 ligand loxoribine in the absence of LCMV (Supplemental
Figure 8). Thus, these data indicate that SphK2 intrinsically sup-
presses CD4" T cell proliferation.

The findings led us to hypothesize that SphK2 regulation
occurs in CD4* T cells in order to lead to the CD4"* T cell-intrinsic
effects on expansion. Therefore, we assessed the activation
(phosphorylation) of SphK2 in total splenocytes and CD4" T cells
from mice upon infection with LCMV. The phosphorylation lev-
els of SphK2 appear to increase in total splenocytes at 8 dpi in Cl
13 or Arm-infected mice compared with those from uninfected
mice (Figure 4G). Importantly, the activation of SphK2 was also
increased in CD4" T cells upon LCMV Arm or Cl 13 infection (Fig-
ure 4H). An increase in the overall SphK2 levels was also observed
in splenocytes and CD4" T cells following LCMYV infection (Sup-
plemental Figure 9). The increased SphK2 phosphorylation follow-
ing Arm infection may explain the increased CD4"* T cell response
detected in Arm-infected, SphK2-deficient mice (Supplemental
Volume 130 Number 12
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Figure 4, A and B). These data indicate that SphK2 is activated in
CD4" T cells during viral infection, supporting a regulatory role for
SphK2in CD4" T cells responses.

However, these results do not directly explain why we
observed increases in CD8" T cell responses in addition to CD4* T
cell responses. Since CD4" T cells often affect CD8* T cell respons-
es to viral infection (5, 22), we tested the potential for CD4*-CD8"
T cell interactions. Therefore, we adoptively transferred Sphk2+/*
or Sphk2”/-CD45.1* GP61/CD4" T cells into WT mice to determine
whether these CD4* T cells could differentially affect endogenous
Sphk27/* CD8" T cells (Figure 5A). Indeed, Sphk27- CD4* T cells
increased endogenous GP33/CD8* T cell responses compared
with Sphk2*/* CD4" T cells, which was determined by enhanced
effector functions in the secretion of IFN-y, TNF-q, and granzyme
B (Figure 5, B-D). Collectively, these results suggest that LCMV
Cl 13 infection markedly increases the expression and activation
of SphK2 in CD4" T cells, leading to a suppression of the prolifera-
tion and function of these T cells. In turn, these suppressed CD4*
T cells cannot stimulate a strong CD8* T cell response.

SphK2 regulates gene transcriptional and cell cycle events in CD4*
T cells. In order to determine what effect SphK2 activation has on
CD4* T cells during viral infection, we performed an RNA-Seq
experiment. Sphk27*+ or Sphk27- CD45.1* GP61/CD4" T cells were
transferred into WT mice, followed by infection with LCMV Cl113.
At7dpi, CD45.1' CD4" T cells were isolated from the infected mice
to extract RNA. Following RNA-Seq, 55 million single-end reads
were aligned via HiSat2 to the Mus musculus reference genome
and compared using DESeq2 differential sequencing analysis.
We found 544 genes to be differentially expressed (DE) with an
FDR below 0.5. Of these, half (272 genes) were upregulated and
the other half (272 genes) were downregulated in virus-specific,
Sphk27/- CD4* T cells when compared with Sphk2** CD4* T cells
(Figure 6, A and B). Several genes with the highest fold changes
encode proteins known to regulate immune signaling as well as
cellular proliferation (Figure 6C). Raw and normalized data have
been made available in the NCBI’s Gene Expression Omnibus
(GEO GSE155030). To further assess the regulatory role of SphK2
in CD4" T cell responses, gene set enrichment analysis (GSEA)
was performed using gene ontology (GO) and hallmark (Hall)
molecular signature databases. An enrichment map incorporating
GO pathways revealed super categories, including the regulation
of gene transcription, nucleic acid binding, and cell cycle pro-
gression, that were upregulated in the SphK2-deficient condition,
while gene sets relating to regulation of the immune response and
cell surface components were downregulated in SphK2-deficient
CD4" T cells (Figure 6D). Several representative gene sets from
these categories and their heatmaps showed specific pathways
and genes that are potentially involved in the regulation of CD4*
T cells by SphK2 (Figure 6E and Supplemental Figure 10). Overall,
these data suggest that in CD4" T cells SphK2 negatively regulates
multiple cellular processes, including cellular signaling, transcrip-
tional events, and cell cycling, which may explain the increased
virus-specific CD4* T cell responses following ablation of SphK2.

Since TNF-o signaling was shown to be upregulated in virus-
specific Sphk27- CD4" T cells (Figure 6E), we used antibody-
mediated neutralization of TNF-a to determine whether increased
TNF-a, a well-characterized proinflammatory cytokine, levels were
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tective T cell immunity enough to terminate viral per-
sistence without inducing significant immunopathology.
To test this hypothesis, ABC294640 (iSphK2), a potent,
well-characterized, orally administrable SphK2-selec-
tive inhibitor (50, 51), was used to block in vivo SphK2
activation upon LCMV Cl 13 infection. Initially, we
sought to observe early T cell responses to LCMV CI 13
following treatment with 100 mg/kg iSphK2 (Figure
7A). SphK2 inhibition resulted in an increase in the num-
ber of GP33 Tet* CD8" T cells (Figure 7B) in the spleen as
well as an increase in the number of GP66 Tet' CD4" T
cells at 5 dpi (Figure 7C), which suggests that, similarly
to genetic ablation, SphK2 inhibitor treatment increases
LCMV-specific T cell responses upon infection. To
determine the effects that SphK2 inhibition has on
virus-induced T cell suppression at a later time point, T
cell responses in the spleens of infected, iSphK2-treated
mice were evaluated at 40 or 42 dpi (Figure 7D). As seen
before, transient SphK2 inhibition resulted in enhanced
virus-specific CD8" T cell (Figure 7E) and CD4" T cell
responses (Figure 7F) at late time points during chronic
infection. Importantly, an increase in IFNy*TNF-o*
GP33 Tet' CD8* T cells was observed in both the spleen

and liver by treatment with iSphK2 at 100 mg/kg (Fig-
ure 7, G and ]). The virus-specific CD8" T cell responses
displayed an intermediate level when a lower dose (50
mg/kg) of the inhibitor was used. The increase was also
seen for IFNy*TNF-a* GP61/CD4" T cells in the spleen,
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Data are representative of 2-3 independent experiments.

leading to the death of Sphk2”7- mice following LCMV Cl 13 infec-
tion. However, no difference was found between anti-TNF-o and
isotype control Ab-treated mice (Supplemental Figure 11). Another
well-characterized method of cytotoxicity results from the interac-
tion of Fas, a TNF family member, on the target cell and Fas ligand
(FasL) on the immune cell (48, 49). Nevertheless, we did not observe
a significant change in the survival of Sphk27- mice following FasL
neutralization (Supplemental Figure 11). These data indicate that
neither TNF-a nor FasL signaling alone is responsible for the death
of Sphk2”~ mice following LCMV Cl 13 infection.

Transient inhibition of SphK2 restores protective antiviral T cell
immunity and controls persistent LCMV infection. Our findings
demonstrate that a complete deficiency in SphK2 hinders virus-
associated T cell suppression, which results in excessively escalated
T cell responses causing mortality (Figures 1-5). These results led
us to theorize that transient inhibition of SphK2 may improve pro-

but not in the liver (Supplemental Figure 12, A and B).
Furthermore, we determined the status of exhaustion
markers on the virus-specific CD8" T cells at 40 dpi fol-
lowing treatment with iSphK2. We observed a trend for
decrease in MFIs for LAG-3, PD-1, CD160, and Tim-3
in the spleen (Figure 7, H-I, and Supplemental Figure
12, C and D); a significant decrease of Tim-3 and trend
for decreased levels of LAG-3 and CD160, but not PD-1,
were noted on the CD8* T cells in the liver (Figure 7,
K-L, and Supplemental Figure 12, E and F). These data
support the concept that SphK2 inhibition promotes
virus-specific T cell responses in lymphoid and nonlym-
phoid tissues during LCMV Cl 13 infection.

The promoted T cell immunity could be partially due to the
enhanced stimulation of DCs upon LCMV Cl 13 infection (9, 52).
However, the activation status of DCs did not increase due to
SphK2 inhibition when assessed at 2 dpi (Supplemental Figure
13). These data suggest that transient inhibition of SphK2 activ-
ity enhances virus-specific T cell responses during LCMV Cl 13
infection, which does not seem to depend on DC regulation.

We next determined whether these improved T cell responses
could affect the resolution of viral persistence. Remarkably, oral
administration of 100 mg/kg iSphK2 over the first 7 consecutive
days (Figure 8A) resulted in significant reductions in serum viral
titers at 42 dpi (Figure 8B) without significant morbidity. Of note,
3 mice that received the inhibitor had no detectable infectious
viruses in the serum. Virus titers were also significantly lower in
the lungs (Figure 8C) and kidneys (Figure 8D) of iSphK2-treated
mice. However, the inhibitor had almost no direct effect on virus
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Figure 4. The expression of SphK2 in CD4* T
cells, but not in CD8* T cells, is required for the
inhibition of T cell expansion upon infection.
(A and B) SphK2-sufficient or -deficient Thy1.1*
GP33/CD8* T cells were adoptively transferred to
WT mice which were subsequently infected with
LCMV Cl13 (n = 4 mice/group). (B) At 8 dpi, the
accumulation of Thy1.1* CD8" cells in the spleen
was determined. (C-E) (C) SphK2-sufficient

or -deficient CD45.1* GP61/CD4* T cells were
adoptively transferred into WT mice, which were
then infected with LCMV Cl 13 (n = 3-4 mice/
group). At 8 dpi, the expansion of transferred
CD45.1*CD4* cells (D and E) was assessed in

the spleen. (F) Sphk2*/* (upper panel; open
histogram) or Sphk2~- (lower panel; filled his-
togram) GP61-specific CD4* T cells labeled with

Sphk2++

Sphk2- CFSE were incubated with LCMV Cl 13-infect-

0.41%

Sphk2++ or Sphk2"-

Analysis

ed BM-DCs. 5 days after coculture, the CFSE
dilution level was measured by flow cytometry
analysis. Dotted lines represent CFSE-stained

2.80%
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T cells S blot analysis of SphK2 phosphorylation in
O splenocytes (G) and purified CD4* T cells (H)
CcDh4 from uninfected, LCMV Arm-infected, or LCMV
Cl13-infected mice (n = 3-4 mice/group) at 8
E F dpi. Densitometric analysis is represented as
2.0 L LCMV-Infected the relative expression to the uninfected group,
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replication at early time points in vivo (Supplemental Figure 14A)
or in an in vitro culture system (Supplemental Figure 14B). In
order to observe the effect of different doses of iSphK2 following
infection, we treated mice as above with 50 mg/kg or 100 mg/
kg of iISphK2 and monitored viral titers in the serum at 30 dpi. We
discovered a moderate decrease in viral titers following treatment
with 50 mg/kg iSphK2 when compared with solvent-treated mice
and a more pronounced decrease with 100 mg/kg iSphK2 (Figure
8E). This response was also seen in the kidneys of infected mice at
40 dpi (Figure 8F).
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infections even after immunosuppression

and viral persistence are established. Over-

all, these data show that transient inhibi-
tion of SphK2 can improve adaptive T cell responses to LCMV Cl 13
infection in a way that alleviates chronic viral infection by acting on
the host immune response instead of the virus directly.

Discussion

Our results indicate that SphK2 functions to negatively regulate
the function and expansion of CD4* T cells. During an acute
inflammatory response, SphK2 appears to prevent excessive T
cell proliferation; however, LCMV Cl 13 infection increases the
activity of SphK2 in CD4* T cells, which prevents the adequate
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LCMV epitope-specific TCR Tg mouse models, our
study demonstrates that SphK2 in CD4* T cells, but
not CD8* T cells, is necessary for the inhibition of
their expansion during virus infection, and SphK2
expression in CD4" T cells regulates CD8" T cell
responses to infection. Furthermore, SphK2-defi-
cient CD4* T cells were shown to have significant
changes in pathways related to transcriptional con-
trol, cell cycle progression, and cellular signaling
events (Figure 6). Thus, SphK2 appears to regulate
several cellular processes, which ultimately lead to
an attenuation of antiviral CD4* and CD8* T cell
responses. Future studies will be needed to eluci-

date specific pathways and genes that are directly
regulated downstream of SphK2 in CD4* T cells.

While we observed enhanced T cell responses in
Sphk27- mice, no significant change was noted in viral
titers between WT and Sphk2” mice (Supplemental
Figure 5). Thismay partly be due to the systemic nature
of LCMV Cl13, which prevents viral clearance at earli-
er time points. Furthermore, as SphK2 principally reg-
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Figure 5. SphK2-deficient CD4* T cells are able to increase SphK2-sufficient CD8"* T cell
responses during LCMV Cl 13 infection. (A-D) SphK2-sufficient or -deficient CD45.1*
GP61/CD4* T cells were adoptively transferred into WT mice, which were then infected
with LCMV Cl 13 (n = 3-4 mice/group). At 8 dpi, the number of IFN-y-positive (B) and
IFN-y/TNF-a-double-positive (C) endogenous GP33/CD8* T cells were analyzed from the
spleens of infected and noninfected mice. Furthermore, the percentages of granzyme
B-expressing endogenous GP33/CD8* T cells (D) were analyzed at this time point. *P <
0.05; **P < 0.01, 1-way ANOVA with Tukey’s post hoc test. Data are representative of 2-3

independent experiments.

activation of the host’s adaptive T cell response, leading to T
cell dysfunction and persistent viral infection. Overall, SphK2
is shown to regulate T cell responses during viral infection, and
transient inhibition of this enzyme is effective in clearing a per-
sistent viral infection.

Although both SphK1 and SphK2 metabolize the formation of
S1P from sphingosine, the deficiency of SphK2, but not SphK1, led
to lethal immunopathology upon LCMV Cl 13 infection (Figure
1). The difference in the cellular localization of SphK1 (cytosol/
plasma membrane) and SphK2 (mainly in the nucleus) may affect
their functions to regulate differential cellular processes (29, 53,
54). Indeed, SphK1 was reported to interact with TRAF2 in the
cytosol to regulate TNF-induced NF-kB signaling, suggesting
the possible role of SphK1 in influencing inflammation (30, 31,
55-58). While the proinflammatory versus antiinflammatory role
of SphK2 in arthritis is controversial (59), SphK2 was reported to
regulate cytokine signaling (27, 28). Interestingly, SphK2 interacts
with histone deacetylases (HDAC1 and HDAC?2) in the nucleus to
regulate gene transcription in cancer cells in vitro (32). SphK2 defi-
ciency was previously found to induce hyperactivated CD4* T cell
responses in vitro upon IL-2 administration and in vivo in a murine
inflammatory bowel disease model (27). Using gene knockout and

ulates CD4* T cells, the progressively changed host
immunity via CD4" T cells and its maintenance could
be critical for ultimate viral clearance. In support of
this, SphK2 inhibition did not substantially affect
LCMV titers at 10-20 dpi (Supplemental Figure 14A).
Therefore, the immune-mediated injury in the kid-
neys of Sphk2”~ mice likely causes death of the mice
before viral clearance would occur. The exact immu-
nopathological method involved in the mortality
of Sphk2”- mice is currently unknown. We observed
that neutralization of TNF-a or FasL did not prevent
mortality (Supplemental Figure 11). The release of
perforin by cytotoxic cells is another mediator of cyto-
toxic damage (44, 60, 61); however, this molecule has
also been shown to play a protective role during LCMV Cl 13 infec-
tion (62, 63). It is possible that another cytokine/cytotoxic molecule
or combination of immunoregulatory molecules is required for the
immune-mediated damage observed following depletion of SphK2.

SphK activation or expression was reported to be altered
during several viral infection models (33, 35, 36, 64, 65). For
instance, influenza and measles viruses were reported to increase
the level of SphK1, which enhanced the replication and production
of viruses. Our data indicate that LCMV CI 13 increases the levels
of SphK2 and pSphK2 (Figure 4, G and H, and Supplemental Fig-
ure 9). However, the inhibition of SphK2 did not change the rep-
lication of LCMV in vitro (Supplemental Figure 14B). Our results
support the concept that elimination of LCMV Cl 13 by SphK2
inhibition in vivo is due to the progressively escalated protective T
cell responses, not to the direct inhibition of the virus’s replication
process. The role of SphK2 in host T cell immunity to other virus
infections remains to be investigated.

Recently, families with steroid-resistant nephrotic syndrome
were shown to have recessive mutations in a gene encoding S1P
lyase, which mediates degradation of S1P (66, 67). This suggests
that unbalanced S1P metabolism could cause kidney disease.
Other investigators also found that SphKs and S1P receptor sig-
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Figure 6. RNAA-Seq analysis reveals changes in cellular transcription and
cell cycle processes for SphK2-deficient virus-specific €D4’ T cells. (A-E)
SphK2-sufficient or -deficient CD45.1* GP61/CD4* T cells were adoptively
transferred into WT mice, which were then infected with LCMV Cl13 (n =

3 mice/group). At 7 dpi, CD4* T cells were column purified from the spleen
and inguinal lymph node of mice and sorted for CD45.1* expression by
FACS. RNA was extracted from CD45.1* cells and assessed for RNA-Seq.

(A and B) DE analysis of genes with FDR of less than 0.05. (C) The log

fold change for the top 12 genes that are upregulated or downregulatéd

in the SphK2-deficient phenotype are shown. (D) Pathway analysis of GO
gene sets with a significance FDR of less than 0.1 that correlates with the
SphK2-deficient phenotype (red) or SphK2-sufficient phenotype (blue).
Gene sets are grouped into clusters based on similar terminology, and lines
connect gene sets that have equal to or greater than 75% identical genes.
(E) Normalized enrichment scores (NES) for representative gene sets from
the GO and Hall molecular signature databases that are correlated with the
SphK2-deficient phenotype (positive values) or SphK2-sufficient pheno-
type (negative values) following GSEA.

naling are important for regulating kidney fibrosis in mice when
the disease was induced by diverse treatments, including folic
acid; however, the results seemed to be dependent on the treat-
ment conditions (68-71). Our study suggests that SphK2 plays a
vital role in attenuating host immune responses and the associ-
ated kidney disease following a virus infection. Therefore, this
could be a very useful animal model for further investigation of
the role of sphingolipids during kidney disease and what role host
immunity has in the process.

Unlike LCMV Cl 13 infection, LCMV Arm, which causes acute
infections, did not cause mortality in SphK2-deficient mice (Fig-
ure 1C). LCMV Arm infection still increased CD4* T cell responses,
but not CD8* T cell expansion (Supplemental Figure 4). In support
of this, LCMV Arm infection increased the expression of SphK2
and pSphK2 in CD4* T cells compared with uninfected CD4* T
cells (Figure 4H and Supplemental Figure 9). Therefore, the intrin-
sic function of SphK2 in diminishing CD4* T cell proliferation is
not limited to the immune-suppressive environment observed
in LCMV Cl 13 infection. Perhaps transient or weak activation of
SphK2 may commonly occur upon pathogenic infections to block
massive proliferation of T cells and evade the ensuing immune
pathologic injury. Whereas LCMV Arm is rapidly controlled by the
potent T cell immunity, LCMV Cl 13 effectively disseminates to
diverse tissues and establishes viral persistence. This difference
might have produced the distinct phenotypic outcomes, such as
mortality from the infection of SphK2-deficient mice.

While transient inhibition of SphK2 in CD4* T cells impairs
the virus-induced immune-suppressive program, completely
obstructing SphK2 function during infection leads to detrimen-
tal pathogenic conditions. This emphasizes the importance of
balanced host immunity to control infections without injuri-
ous response (72). Importantly, this temporary inhibition of
SphK2 using an orally bioavailable small molecule can eliminate
LCMV Cl 13 in a persistently infected mouse (Figure 8). Virus-
mediated T cell evasion or suppression is typically observed
during persistent viral infections in humans (3, 12, 73). Therefore,
we believe targeting of SphK2 may provide a promising route for
developing a pharmaceutical intervention for eliciting protec-
tive T cell immunity against chronic viral infections that have a
devastating impact on human health.
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Methods
Additional details are provided in Supplemental Methods.

Mice. C57BL/6 (the Jackson Laboratory), C57BL/6-Sphkl”",
C57BL/6-Sphk27/- (74, 75) (provided by Richard Proia, NIH, Bethesda,
Maryland, USA, and Kelley Argraves and Lina Obeid, Medical Uni-
versity of South Carolina [MUSC], Charleston, South Carolina, USA),
C57BL/6-Thyl.l*DbGPSS_41 (Thyl.1* GP33/CD8*, P14) TCR Tg (76),
and CS7BL/6-CD4-5.1"I-A"GP61_80 (CD45.1* GP61/CD4*, SMARTA)
TCR Tg (77) mice (provided by Michael Oldstone, Scripps Research,
La Jolla, California, USA) were used. Sphk2*”- mice were generated
by one crossing of C57BL/6 and Sphk2”- mice. C57BL/6-Thyl.1*
D'GP,,, Sphk2”/~ (Sphk2”- Thyl.l* GP33/CD8") TCR Tg and
C57BL/6-CD45.1*I-A"GP61_80 Sphk27- (Sphk27/- CD45.1* GP61/CD4")
TCR Tg were established by crossing TCR Tg mice with Sphk27-mice
for at least 4 generations. Six to eight-week-old male or female mice
were used; LCMV clearance studies used 6- to 8-week-old male
C57BL/6 mice. Mice were bred and maintained in a closed breeding
facility according to institutional guidelines.

Virus and infections. The Arm and Cl 13 strains of LCMV were propa-
gated on baby hamster kidney (BHK) cells (52, 76, 78). LCMYV titers were
determined by plaque assay on Vero (African green monkey kidney)
cells (76, 78). BHK and Vero cells and LCMV were initially provided by
Michael Oldstone. Mice were infected by i.v. administration of 2 x 10°
PFU of LCMV Cl 13 unless noted differently. For LCMV Arm survival
experiments, mice were infected with 2 x 10 PFU of LCMV Arm by i.v.
administration. To determine T cell responses to LCMV Arm, mice were
infected by i.p. administration of 2 x 10° PFU LCMV Arm. Uninfected
mice were used in all in vivo experiments as background controls.

Histology. Tissue samples were collected during the necropsy,
fixed in 10% neutral buffered formalin, trimmed, processed by rou-
tine procedure, embedded in paraffin, sectioned to 4 pum thickness,
and captured on glass slides. The slides were stained with H&E or PAS
by using modified Schiff Reagent Solution (Thermo Fisher Scientific)
for microscopic evaluation.

Lymphocyte isolation. Splenocyte suspensions were obtained by
forcing spleens through a 40 pum nylon mesh. Then cells were col-
lected, red blood cells were lysed, and cells were used in downstream
experiments. Cells were washed and used for flow cytometric analysis.
Single cell suspensions of liver tissue were obtained by forcing tissue
through nylon mesh. Lymphocytes were obtained by gradient centrif-
ugation with Percoll (MilliporeSigma).

Invitro T cell proliferation assay. LCMV epitope GP61-specific CD4*
T cells were purified from Sphk2*/* or Sphk27- CD45.1* GP61/CD4*
mice using EasySep CD4" T cell enrichment negative selection reagents
(Stem Cell Technologies) according to the manufacturer’s protocol. Iso-
lated cells (5 x 109) were stained with 5 uM CFSE (Invitrogen) accord-
ing to the manufacturer’s protocol. BM-DCs were derived as described
in the Supplemental Methods. BM-DCs were infected overnight with
LCMV Cl13 (MOI = 10) for 1 hour (76). Infected /treated BM-DCs were
mixed with the isolated CD4* T cells at a DC/T cell ratio of 1:10. After 5
days of incubation, the cells were harvested and the CFSE dilution was
analyzed by flow cytometry.

T cell depletion. CD4" T cells were depleted using a single 150
ug, i.p. dose of anti-CD4 antibody (GK1.5, purified functional
grade, eBioscience) or isotype control at 1 day before LCMV infec-
tion. Depletion was assessed 7 dpi. CD8" T cells were depleted
using 250 pg i.p. doses of anti-CD8 antibody (YTS 156 hybrid-
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oma supernatant which was provided by Helen Mullen, University
of Missouri-Columbia) administered 1 day before and 7 dpi (79).
Depletion was assessed 7 dpi.

Adoptive transfer of CD4* and CD8" T cells. For adoptive T cell transfer
experiments, splenocytes were prepared as above. CD45.1* GP61/CD4*
and Thyl.1* GP33/CD8* T cells were isolated using EasySep (Stem Cell
Technologies) or MojoSort (BioLegend) CD4* and CD8" T cell enrich-
ment negative selection reagents according to the manufacturer’s instruc-
tions. Purity was assessed by flow cytometry before adoptive transfer of 1
x10* CD4*or1x 10* CD8" T cells into WT mice by i.v. injection.

Flow cytometric analysis. Antibodies used in this study are listed in the
Supplemental Methods. For staining of immune cells in kidney, Ghost
Dye (Tonbo Biosciences) was used for detecting live cells. LCMV
GP33-specific CD8" T cells were identified using fluorochrome-linked
GP,, . tetramers, and LCMV GP,

ot -specific CD4" T cells were iden-
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o Figure 7. SphK2 inhibition enhances
15 kK virus-specific T cell responses. (A-C)
&+ LCMV Cl 13-infected mice (n = 5-6
8 g 10 aglm mice/group) were treated with 100
55X mg/kg ABC294640 (iSphK2) or its
z 0 Se solvent by oral gavage each day from
o 8 51 — day 0 to 2 dpi. At 5 dpi, the numbers
o = * of GP33 Tet*CD8" T cells (B) or GP66
0 | Tet*CD4* T cells (C) in the spleen
. were assessed by flow cytometry.
Solvent  iSphK2 (D-F) LCMV Cl 13-infected mice (n
F = 4-6 mice/group) were treated for
10— * 7 days with 100 mg/kg iSphK2 from
. u day 0 to 6 dpi. At 42 dpi, the number
S~ 8 of IFN-y-producing NP336/CD8" (E)
0% 6 and GP66 Tet*CD4* (F) T cells were
Aol determined in the spleen. (G-L) LCMV
Q8 ?3 e Cl13-infected mice (n = 3-5 mice/
&+ o PR group) were treated with solvent (0
3+ mg/kg), 50 mg/kg, or 100 mg/kg
0 T iSphK2. At 40 dpi, spleen (G-1) and
Solvent iSphK2 liver (J-L) tissues were analyzed by
flow cytometry for the percentage of
| 045 IFN-y TNF-o GP33 Tet CD8 T cells (G
- 2007 and), and the MFI of LAG-3 (Hand
Y % 400 K), PD-1 (1), and Tim-3 (L) on GP33 Tet
(2 2 CD8 T cells. *P < 0.05; **P < 0.07;
S & 300+ ***P < 0.001, bidirectional, unpaired
a 8 2004 Student’s t test (B, C, E, and F), 1-way
o ANOVA with Tukey's post hoc test
LEL 2 100 (G-L). Data are representative of 2-3
0- independent experiments.
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tified using fluorochrome-linked GP66 tetramers (80), which were
provided by the NIH Tetramer Core Facility (Emory University,
Atlanta, Georgia, USA). For intracellular cytokine staining (52, 76, 78,
81), lymphocytes were cultured in the presence of 4 ug/mL of brefel-
din A (MilliporeSigma) and 1 pg/mL GP33 (KAVYNFATC), NP396
(FQPQNGQFTI), or GP276 (SGVENPGGYCL), or 5 pg GP61 (GLNG-
PDIYKGVYQFKSVEFD) peptide for 5.5 hours and then fixed, perme-
abilized, and stained with indicated antibodies. Data were collected
on a CyAn ADP Flow Cytometer (Beckman Coulter) or LSRFortessa
X-20 (BD Biosciences) and analyzed with Flow]Jo (Tree Star) software.

Determination of virus titers. The serum, lung, kidney, or spleen
tissues were harvested from infected and uninfected mice at the time
points indicated. Tissues were homogenized using a BeadBeater with
1.0 mm diameter Zirconia/Silica beads (BioSpec Products). LCMV
titers were determined by plaque assay on Vero cells. In multidose


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12

The Journal of Clinical Investigation

A B

*%

LCMV CI 13

d42
0123456

[I I I I I] Analysis

LCMV (log,, PFU/mL)
T

T
iISphK2 0 | -y
Solvent iSphK2
Creq —— P s **
£.] & 5] T
é’ 4 o® - S 6 :
> N > X .%
S2 5] T SS 4| et 4
53 3 T
% ([ S 27 s
D S S —
S 0-—7—=m— Y T »
Solvent iSphK2 Solvent iSphK2
E F
_ 5 * % 44 *
. pt
£ = = =N
S 2] 4 u <
%E 3 A % %E 2 ¢ ‘r [ ]
&I) o 2_ = 3 L T
g : 1
& 14 _8’
0 T T T 0- L R
Q 030 '\QQ Q bQ \QQ
iSphK2 (mg/kg) iSphK2 (mg/kg)
G H
j 5_ *%k
LCMV CI 13 £
S5 4 st
d30 E o, * un
0 715161718192021 ¥ o 7 e
Analysis 8 2
iSphK2 g 1q=====---
9o T -
Solvent iSphK2
| J
LCMV CI 13 247 —
d56 D 34 et _,
0 '20212223242526 ¥ o -
Analysis S 27
| | | | | Re)
S qde oo
f >
iSphK2 —
O o-
-

Solvent iSphK2

studies with iSphK2, viral titers were determined by focus-forming
assay on Vero cells as described previously (82). A summation of the
procedure is provided in Supplemental Methods.

Western blot analysis. Western blots were prepared as described in
Supplemental Methods. Densitometry analysis of Western blots was
done using Image Studio Lite (LI-COR) or Image].
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Figure 8. Inhibition of SphK2 results in accelerated clearance of per-
sistent LCMV infection. (A-D) WT mice (n = 5 mice/group) were infected
with LCMV Cl 13 and treated daily for 7 days with 100 mg/kg iSphK2 or
solvent by oral gavage from day 0. At 42 dpi, LCMV titers were determined
in the serum (B), lungs (C), and kidneys (D) of infected mice by plaque
assay. (E and F) LCMV Cl 13-infected mice (n = 3-5 mice/group) were
treated with solvent (0 mg/kg) or 50 mg/kg or 100 mg/kg iSphK2 daily for
7 days. (E) LCMV Cl 13 viral titers (focus forming units [FFU]) were assayed
in serum at 30 dpi. (F) At 40 dpi, viral titers (FFU) in the kidney were
assessed. (G and H) LCMV Cl 13-infected mice (n = 5-6 mice/group) were
treated daily with iSphK2 beginning on 15 dpi for 7 days. At 30 dpi, LCMV
titers were determined in the serum (H). (1 and J) LCMV Cl 13-infected
mice (n = 4-6 mice/group) were treated with iSphK2 or solvent from 20

to 26 dpi. At 56 dpi, LCMV titers were determined in the serum (J). *P

< 0.05; **P < 0.01, Mann-Whitney nonparametric test (B-D, H, and ),
Kruskal-Wallis nonparametric test with Dunn’s test (E and F). Data are
representative of 2-3 independent experiments. The limits of detection
are depicted as dotted lines.

RNA-Seq and bioinformatic analysis. Sphk27* or Sphk27-
CD45.1* GP61/CD4* T cells were isolated and transferred into
WT mice 1 day before LCMV Cl 13 infection as above. At 7 dpi,
spleens and inguinal lymph nodes were harvested from infected
mice and forced through nylon mesh. CD4* T cells were subse-
quently purified via EasySep positive selection (Stem Cell Tech-
nologies) according to the manufacturer’s protocol. CD45.1* cells
were then sorted from CD4" cells using the MoFlo XDP (Beckman
Coulter, University of Missouri Cell and Immunobiology Core).
RNA was isolated from CD45.1* CD4" cells using the Aurum Total
RNA Mini Kit (Bio-Rad). mRNA was sequenced with an average of
55 million single-end reads (Cofactor Genomics). Fastq files from
each replicate were uploaded to Cyverse Discovery Environment
via iDrop (iRODS) (83). The quality of reads was checked with
FastQC (version 0.11.5, Upendra Kumar Devisetty, Cyverse) (84).
Reads were aligned to the Mus musculus GRCm38.p6 release 99
primary genome assembly (Ensembl) using the HiSat2 sequence
aligner (version 2.1, Kapeel Chougule, Cyverse) (84-87). Indexed
files were downloaded, and raw transcript counts were generated
in SeqMonk (Babraham Institute). SeqMonk was used to gener-
ate the differential expression (DE) scatter plot. Transcripts were
compared for DE using DESeq2 in GenePattern (Broad Institute)
(88, 89). The normalized expression values of DE genes with a ¢
value (FDR)of less than 0.05 were used in downstream analyses.
Transcripts were renamed using mouse genome informatics (MGI)
naming identifications (Ensembl and MGI) (87, 90). GSEA (Broad
Institute) was conducted using the GO and Hall molecular signa-
ture databases (version 7.0) (91-94). Gene sets from the GO data-
base with a g value of less than 0.1 were mapped using Enrichment-
Map and clustered based on gene set names using AutoAnnotate in
Cytoscape (95-97). Gene sets with greater than 75% gene similarity
are connected with lines. Heatmaps were constructed based on cal-
culated Z scores using Morpheus (Broad Institute) (98). These data
are available in the GEO database (GSE155030).

Biochemical analysis of serum. Blood was collected from Sphk27-
or WT mice on 15 or 17 dpi (depending on the severity of disease in
Sphk27- mice). Serum was isolated from total blood via centrifugation
and stored at -80°C until used. A complete clinical chemistry profile
analysis of the serum was performed on an automated clinical chem-
istry analyzer (AU680, Beckman Coulter) by Comparative Clinical
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Pathology Services LLC (99). Serum sodium, chloride, and potassium
were measured as above employing ion-specific electrodes.

EB analysis. Prior to sacrifice, mice were anesthetized and given
1.v. 200 pL of a 0.5% solution of EB dye (Alfa Aesar) in PBS (44, 100).
Mice were monitored for 30 minutes and then euthanized via cervi-
cal dislocation. Tissues were collected and dried for approximately
72 hours. Wet and dry weights were recorded. Subsequently, 500 pL
formamide (Alfa Aesar) was added to dry tissues in microcentrifuge
tubes. Samples were incubated in a 55°C water bath for 48 hours, 200
uL from each sample was added to a 96-well plate, and absorbance
at 620 nm compared with a formamide blank was measured on an
Epoch Microplate Spectrophotometer (BioTek Instruments).

SphK2 inhibitor. SphK2 was inhibited using ABC294640 (iSphK2)
(MedKoo). For administration, the inhibitor was formulated to a dose
of 10 mg/mL in 50% PEG, 5% DMSO. Mice were given a 50-100 mg/
kg dose by intragastric gavage (50). The solvent is equivalent to a solu-
tion of PEG and DMSO without the inhibitor.

Statistics. All error bars represent mean * SEM, and averages were
compared using a bidirectional (2-tailed), unpaired Student’s ¢ test
(52, 76, 78, 101) unless otherwise indicated. In the case of different
sample sizes, an unequal variances ¢ test was employed. For pairwise
comparisons, 1-way ANOVA was performed followed by Tukey’s post
hoc test or Dunnett’s test. For virus titers, Mann-Whitney U test, or for
pairwise comparisons, a Kruskal-Wallis test with Dunn’s test was used
to account for nonparametric viral clearance. Graph constructions and
statistical analyses were performed using Prism 8 (GraphPad). A P
value less than or equal to 0.05 was considered significant for these
tests. For RNA-Seq data, a ¢ value (FDR) of less than 0.05 was used.
For GSEA pathway analyses, a g value (FDR) of less than 0.1 was used.
Mantel-Cox log-rank tests were performed for survival curves in Prism
(GraphPad) (39, 102). Data are representative of 2-3 independent
experimental repetitions.

Study approval. The animal studies presented here were approved
by the Animal Care and Use Committee of the University of Missouri-
Columbia and Jeonbuk National University (CBNU 2019-013).
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