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Abstract 

Sphingosine 1-phosphate (S1P) is a bioactive lipid molecule known to regulate 

diverse cellular functions. S1P is metabolized by the sphingosine kinases (SphK) and S1P 

lyase (SPL). However, little is known about the role of SphK and SPL in the immune 

response to viral infections as well as viral pathogenesis. In this study, we demonstrate 

that during lymphocytic choriomeningitis virus (LCMV) clone 13 infection, a virus known 

to establish a persistent infection in mice, one SphK isoform, SphK2, functions to limit 

CD4+ T cell responses, which aids in the establishment of virus-induced 

immunosuppression and viral persistence. The infection of SphK2-deficient (Sphk2-/-) 

mice with LCMV resulted in kidney disease and ultimately mortality. Following infection, 

Sphk2-/- mice were shown to have increased LCMV-specific T cell and neutrophil 

responses. Depletion of these cells prevented the infection-induced death of SphK2-/- 

mice, indicating the essential contribution of these cells to the immune pathology. With the 

use of LCMV epitope-specific TCR transgenic mouse lines in adoptive transfer studies, 

SphK2 was shown to have intrinsic negative function in CD4+ T cells, but not CD8+ T cells. 

Importantly, oral treatment of LCMV-infected mice with an SphK2-selective inhibitor 

increased the number of LCMV-reactive CD4+ and CD8+ T cells and led to the accelerated 

termination of LCMV persistence. Furthermore, we have identified SphK2 as a cellular 

factor that is upregulated during influenza A virus (IAV) infection and simultaneously 

promotes IAV infectivity. Inhibition of SphK2 attenuated IAV replication in vitro and 

reduced IAV-associated mortality in mouse models. Unlike SphK2, SPL promotes antiviral 

responses by increasing type I interferon production upon cellular sensing of IAV RNA. 

Here, we show supporting data for the role of SPL during IAV infection utilizing an SPL-

deficient cell line. Overall, these studies indicate a vital role for S1P-metabolizing enzymes 

during the host response to viral infections. 
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Chapter I. Introduction 

 

I-A. LCMV and the host immune response 

 The lymphocytic choriomeningitis virus (LCMV) system is one of the most widely 

used infection models for the study of virus-host interactions. In large part, this feat was 

possible due to the virus’s natural host, the mouse, which is useful for studying biological 

concepts at the organismal level. The virus can also be manipulated in cell culture with 

ease, and it is used as a model for more pathogenic arenaviruses (e.g. Lassa virus) and 

to study meningitis diseases. The antiviral response generated against some LCMV 

strains has become a characteristic model for acute viral infections. As a result, many 

seminal findings have been achieved due to LCMV research, including insights into major 

histocompatibility restriction and T cell memory. Conversely, the complex host-virus 

interactions leading to the establishment of a persistent viral infection by other LCMV 

strains has fascinated many researchers and led to the discovery of T cell exhaustion.  

I-Ai. A history of LCMV  

LCMV is a negative-sense, single-stranded ribonucleic acid (RNA), enveloped 

arenavirus (1, 2). The LCMV genome consists of two RNA segments, aptly named large 

and small. The small segment has been shown to encode LCMV structural proteins, 

nucleoprotein (NP), glycoprotein (GP)-1, and GP-2 (3).  The large segment encodes for 

an RNA-dependent RNA polymerase (L) and a small RING finger protein (Z) (4, 5). In 

1998, the receptor for LCMV was identified as alpha-dystroglycan, which can be found on 

many cells and tissues (6–8). The GP-1 protein interacts with alpha-dystroglycan on the 

cell surface to facilitate viral entry. Proteins encoded on the small segment of the genome 

are vital for the generation of the cytotoxic T cell response against LCMV as the dominate 
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cluster of differentiation molecule (CD) 8+ and CD4+ T cell recognizing epitopes (GP33, 

GP34, GP276, NP396, and GP61) map to this segment (9–16). 

The prototypic strain of LCMV, Armstrong, was first discovered in 1933 by Dr. 

Charles Armstrong following an outbreak of encephalitis in St. Louis, Missouri (17–20). 

Ironically, the outbreak was later found to be caused by St. Louis encephalitis virus and 

the source of the LCMV to be a contaminant from laboratory monkeys used in the 

subsequent study of the outbreak (17, 21, 22). The house mouse (Mus musculus) and 

later the golden hamster (Mesocricetus auratus) were identified as natural reservoirs for 

LCMV (23–26). LCMV is considered a zoonotic pathogen, and it can cause severe 

infections in humans, especially in pregnant mothers and during organ transplantation 

(27–30).  

 Interestingly, work by Erich Traub, soon after the discovery of LCMV, began to 

elucidate the interactions between LCMV and its host (24, 31). These studies would lay 

the pathway for future studies in viral persistence, as Traub found that in utero/neonatally-

infected mice retained the virus but did not die (31). This began to shift the paradigm to 

show that viral infections were not exclusive to two outcomes: the death of the host or 

resolution of the infection (32). Furthermore, these observations led to the initial 

hypothesis that some immune states are tolerogenic because the presence of infection in 

the dam leads to “tolerance” of the virus by the progeny (32–35). Further studies also 

revealed the initial findings that cytotoxic T lymphocytes, derived from the thymus, are 

involved in and important for the immune response against a virus (36, 37). Finally, one 

of the most seminal findings that LCMV studies gave to the field of immunology was the 

concept of major histocompatibility complex (MHC) restriction. These studies showed that 

spleen cells (T cells) could preferentially lyse LCMV-infected cells but not uninfected cells 

based on the histocompatibility (MHC type) of the cells (38, 39) . 
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Several strains of LCMV have been recovered from wild mice, as well as from 

laboratory settings. Interestingly, several of these strains were found to have differential 

infection outcomes (35, 40). The infection of mice with the wild-type strain of LCMV can 

generate variant viruses depending on the infected tissue, and the passage of these 

variants has led to the generation of organ-selective clones (41, 42). Primarily, the viruses 

are grouped into two categories: 1) neurotropic, being predisposed to the brain and 

associated tissues, which tend to cause more “aggressive” infections and do not induce 

tolerance, constituting acute infections; 2) viscerotropic, being predisposed to systemic 

infection in the visceral organs with a less aggressive or “docile” infection and tend to 

induce tolerance, constituting persistent infections (40, 41, 43). The LCMV Armstrong 

strain clone 53b (Arm), which was obtained through the passage of the virus in brain 

tissue, is considered to be neurotropic. Injection of LCMV Arm into the periphery 

(intravenous, intraperitoneal) of the murine host leads to a strong CD8+ T cell response, 

which clears the virus before it can reach the brain tissue. However, intracranial injection 

leads to infection of neuronal cells, which results in the death of the host via immune-

mediated mechanisms (41, 42, 44). Interestingly, the depletion of CD4+ T cells during 

LCMV Arm infection did not drastically change the outcomes of the immune response or 

viral pathogenesis (45). This is indicative of how effective the CD8+ T cell response is in 

clearing this virus. Nevertheless, LCMV Arm can instigate a high level of activated CD4+ 

T cells, which are capable of generating a long-term memory response (46–48). 

I-Aii. LCMV clone 13 and viral persistence 

Work with these various strains of LCMV culminated in several key studies that 

identified LCMV variants capable of causing persistent viral infection (40, 49, 50). Of 

these, LCMV clone 13 (Cl 13), which was isolated from the spleens of mice infected 

neonatally with LCMV Arm, was shown to downregulate antiviral T cell responses and was 
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able to remain at high titers for long periods of time in mice (49). Thus, LCMV Cl 13 

became a suitable model for the study of chronic viral infections. Adding to the complexity 

of how LCMV Cl 13 establishes persistent infection, LCMV Cl 13 only differs from LCMV 

Arm by 5 nucleotides. Only two of these nucleotide changes result in fundamental changes 

in the amino acid sequence, one in GP-1 and the other in the L polymerase (51). 

Specifically, a change in phenylalanine to leucine at position 260 in GP-1 was shown to 

be critical for the generation of a viscerotropic LCMV strain (persistent) (52, 53). This 

substitution led to better infectivity of macrophages and dendritic cells (DCs), including 

plasmacytoid dendritic cells, due to enhanced binding with the alpha-dystroglycan 

receptor (54–59). These cells, especially DCs, express higher levels of alpha-

dystroglycan, which makes them important in the course of LCMV Cl 13 infection. 

Additionally, the change in L, lysine to glutamine at residue 1079, leads to increased viral 

replication within infected cells (e.g. macrophages) (51, 54). Since the two variants are so 

similar, dominant T cell epitopes recognized against each virus are the same. Thus, minor 

changes in the viral genome can lead to very significant changes in how the virus interacts 

with the host.  

I-Aiii. T cell exhaustion 

Earlier work with the persistent LCMV variants showed that the cytotoxic 

lymphocyte response in chronically infected mice (carrier mice) was suppressed when 

compared to mice infected with LCMV Arm (49, 60, 61). However, the exact mechanism 

of LCMV Cl 13 persistence had not been documented. Later work showed that infection 

with the LCMV Cl 13 strain eventually leads to an absence of antiviral CD8+ T cell 

responses, which prevents clearance of the virus (62). Thus, the term “exhaustion” in the 

context of antiviral T cell responses was introduced. This was clarified to show that the 

deletion of antiviral cytotoxic T cells was specific to the NP397 epitope-recognizing CD8+ 
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T cells, and the GP33 epitope-recognizing CD8+ T cells were not completely deleted but 

were unable to elicit an antiviral immune response (63). Subsequent studies have focused 

many efforts at defining and elucidating the mechanisms of T cell exhaustion.  

 The definition of an exhausted T cell is not always clear, and this definition has 

evolved. Initially, exhausted CD8+ T cells were described as being absent or lacking 

cytotoxic and antiviral functions (62, 63). This was later expanded to include a progressive 

loss of interleukin (IL) 2-secreting abilities, loss of tumor necrosis factor alpha (TNFα) 

synthesis, loss of type II interferon  (IFN)-secretion, and eventual deletion of the cell itself 

through mechanisms dependent on Fas/Fas ligand (FasL), perforin, or the TNF receptor 

(TNFR) (64–67). The exhaustion process also has severe impacts on the generation of 

memory CD8+ T cell responses (68–70). Further genomic analysis of exhausted CD8+ T 

cells and the identification of surface inhibitory markers (e.g. programmed cell death 

protein 1, PD-1) on exhausted cells revealed a more nuanced picture in that exhausted 

cells reflect a phenotype not wholly representative of other known T cell phenotypes, 

including naïve, effector, memory, or anergy states (71, 72). In addition, exhausted CD8+ 

T cells have altered metabolic and bioenergetic pathways, and downregulated 

translational abilities (72).  

 More recent analyses have added further depth to the definition of exhausted CD8+ 

T cells, indicating that the progressive tendencies of the exhaustion phenotype give rise 

to a heterogeneous population of exhausted cells as the infection continues. Initially, two 

subpopulations of exhausted CD8+ T cells were identified: a memory-like population 

consisting of T cell factor 1 (TCF1)hi T-box expressed in T cells (T-bet)hi PD-1lo cells, which 

could potentially be revitalized with the use of inhibitory receptor blockade, and a 

terminally exhausted population consisting of TCF1neg PD-1hi eomesodermin (Eomes)hi 

CD39hi cells (73–75). These populations have also been suggested to be dependent on 
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tissue localization. For example, it was noted that later during chronic infection a larger 

portion of the terminally exhausted T cells were located in the peripheral tissues (64, 76).  

As the memory-like subset may provide clues to the regulation of the exhaustion 

state, further studies sought to examine these cells in more detail. These cells were found 

to be T follicular helper (Tfh)-like CD8+ T cells responsible for the so-called “proliferative 

burst” following checkpoint blockade (73, 77–80). These cells express TCF1, C-X-C 

chemokine receptor type 5 (CXCR5), and PD-1 but not T-cell immunoglobulin and mucin-

domain containing-3 (Tim-3) (TCF1hiPD-1+CXCR5+Tim3-), and regulation of this cell type 

was dependent on B lymphocyte induced maturation protein 1 (Blimp-1), DNA-binding 

protein inhibitor ID-2 (ID2), E2A, and B-cell lymphoma 6 protein homolog (Bcl6) signaling. 

These cells were also suggested to be vital for clearing viral infections from lymphoid 

tissues (particularly B cell follicles) as they had an increased ability to reduce viral loads 

and worked synergistically with treatments targeting PD-1 and PD-1 ligand-1 (PD-L1).  

Another group of transitional, less exhausted cells, residing between the memory-

like cells and terminally exhausted cells, was identified based on the expression of the 

glycoprotein CD101 (81). The progenitor or memory-like TCF1hi population of exhausted 

CD8+ T cells was shown to differentiate first into CD101-Tim3+ cells, which exhibited 

reduced TCF1 expression and an effector-like transcriptional profile, including the 

expression of CX3C chemokine receptor 1 (CX3CR1), and production of pro-inflammatory 

cytokines and granzyme B. In addition, these cells contributed to viral control (81, 82). 

These cells eventually convert into CD101+Tim3+ CD8+ T cells, representing a more 

exhausted phenotype. Independent observations by another group identified a similar 

group of effector-like exhausted cells that express CX3CR1 and have increased cytolytic 

abilities, which makes them critical for viral control (83). This study further defined the 

subsets of exhausted CD8+ T cells into three populations: 1) a memory-like, progenitor 
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cell subset that expresses TCF1, Ly108, CXCR5, and PD-1, does not express Tim-3 or 

CD101, and had the most self-renewing properties; 2) an effector-exhausted subset that 

expresses CX3CR1, PD-1, and Tim-3, were CD101-negative and TCF1-negative, and 

display some cytotoxic abilities; 3) a terminally exhausted subset that expresses PD-1, 

Tim-3, and CD101, does not express CX3CR1 or Ly108, and are highly dysfunctional (83). 

All three subtypes display differential transcriptional profiles, phenotypical properties, 

functionality, and tissue localization. Essentially, this scheme reciprocates the progressive 

exhaustion phenotype hypothesis in that progenitor cells give rise to effector exhausted 

or terminally exhausted cells and effector exhausted cells can give rise to terminally 

exhausted cells. It should be noted that a fourth population of exhausted CD8+ T cells was 

identified and termed “proliferating” due to their expression of Mki67 (Ki67) and Top2a, 

which appeared to represent Havcr2 (Tim-3), Pdcd1 (PD-1), and Cx3cr1-expressing cells 

that do not express Tcf7 (TCF-1), Slamf6 (Ly108), or Cd101 and have a phenotype more 

similar to terminally exhausted cells than to stem-like cells (84). However, these 

observations were based on transcriptional profiling. The role of these cells during LCMV 

Cl 13 infection and whether these cells represent another small, transitory population 

within the effector-exhausted subpopulation or simply proliferating versions of effector-

exhausted CD8+ T cells is unknown.  

 A recent study sought to gain a better understanding of the role of these exhausted 

CD8+ T cell subsets and their distribution within infected mice. Utilizing transcriptional 

profiles from the above studies, the authors identified five functional groups of exhausted 

CD8+ T cells: 1) memory (stem)-like, 2) proliferating, 3) effector-like, 4) intermediate 

exhaustion, and 5) advanced exhaustion (85). The stem-like population, exhibiting 

characteristics as defined above, was primarily found in the secondary lymphoid organs 

(spleen and lymph nodes). The proliferating population was found in the lymphoid and 
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peripheral tissues at low frequencies. The effector-like population had high Cx3cr1 and 

Gzmb (granzyme B) expression, expressed several molecules important for lymphocyte 

trafficking (e.g. S1pr1, sphingosine 1-phosphate receptor 1), and were found mostly in the 

lung, blood, and spleen. Some of these cells showed signs of recent or low antigen 

exposure, so it was suggested that this population may be primarily involved in circulating 

in the vasculature or preparing to enter tissue. The intermediate exhausted population was 

found in all tissues and displayed a transitory phenotype between effector-like and 

advanced exhaustion. Finally, the advanced (terminally) exhausted population was found 

in all tissues and made up the major populations of cells in the liver and BM. This 

population generally had higher levels of inhibitory gene expression (e.g. Pdcd1, Cd160, 

Lag3), and lower levels of molecules associated with T cell receptor (TCR) activation 

(Nfkbid, Jun, Jund). Several of the above gene expression profiles were confirmed based 

on protein expression by flow cytometric analysis. Interestingly, the authors found that the 

different populations generally displayed plasticity in their function. To show this, 

exhausted CD8+ T cells from specific tissues were taken and transferred into infection-

matched recipient mice (at the same point of infection, i.e. 14 days post infection). 

Transferred cells did not home preferentially to their originating tissue, but they were able 

to change their phenotype to more closely resemble their new tissue of residency. 

However, this was not the case for cells from the liver, which had more advanced 

exhausted cells. Transfer of these cells led to low cell recovery, potentially due to 

diminished viability and proliferation. While most cells did transition to the phenotype 

associated with their new tissue localization, there was some transitory lag in that 

populations retained characteristics of their original phenotype. For example, effector-like 

cells retained CX3CR1 expression but to a less degree in some tissues like the liver, and 

advanced exhausted cells maintained higher levels of inhibitory molecules but could still 

up-regulate CX3CR1 (associated with effector-like). Also, plasticity was much less 
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prevalent later on in the progression of the chronic infection (i.e. 21 days post infection). 

This work demonstrates that the exhausted CD8+ T cell population is extremely 

heterogeneous, and the development of exhaustion is dependent on the environment in 

which the T cells reside. Furthermore, these studies highlight the ability of the populations 

to remain “plastic” in that certain phenotypes are not as terminal as previously thought. 

I-Aiv. CD4+ T cells and exhaustion 

 Many T cell exhaustion studies have primarily focused on CD8+ T cells. However, 

it was appreciated from early experiments how important CD4+ T cell help was to the 

eventual resolution of LCMV Cl 13 infection and in the maintenance of antiviral CD8+ T 

cell responses throughout the exhaustion phase (63, 86–88). For instance, the transfer of 

unexhausted CD4+ T cells into a mouse infected with LCMV Cl 13 greatly improves the 

functionality of exhausted CD8+ T cells and promotes viral clearance (89). Virus-specific 

CD4+ T cells have also been shown to display an exhausted phenotype similar to 

exhausted, CD8+ T cells, which appears to occur early during LCMV Cl 13 infection (67, 

90, 91). Heterogeneity in the exhausted CD4+ T cell population has been observed as 

some subsets of CD4+ T cells are able to persist throughout infection while others were 

functionally diminished early in the course of infection (90). Furthermore, it appears that 

CD4+ T cell exhaustion is not merely a loss of function but a more nuanced altered 

functionality as some CD4+ T cells retain their ability to produce antiviral cytokines (90, 

92). One explanation for this is that viral persistence may push CD4+ T cells from a 

primarily antiviral, helper T cell 1 (Th1) phenotype to a Tfh cell phenotype (93). This may 

be counterproductive for the present viral infection but may aid in the eventual clearance 

of the virus. Exhausted CD4+ T cells have distinct transcriptional profiles from effector and 

memory CD4+ T cells, and exhausted CD8+ T cells, though some similar pathways 

between exhausted T cells exist (92). Therefore, T cell exhaustion is an intricate 
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phenotype in that both CD8+ T cells and CD4+ T cells can become exhausted, but this 

seemingly occurs by different mechanisms. 

I-Av. Regulation of T cell exhaustion 

 The initiation of T cell exhaustion is a complex process requiring many interlinking 

factors. Studies with LCMV Cl 13 have discovered several factors that may be primarily 

involved in this process. These include high antigen levels, disruption of antigen 

presentation, creation of a suppressive environment due to the upregulation of inhibitory 

receptors, immunoregulatory cytokines and immunoregulatory cell types, and changes 

within the epigenetic and transcriptional regulation of T cells. Several of these factors as 

they pertain to LCMV Cl 13 are discussed below.  

High antigen burden 

Early work with some LCMV strains suggested that persistence was due to rapid 

dissemination of the virus throughout the tissues (94). This systemic spread was observed 

with LCMV Cl 13, and it was suggested that high viral titers, and in correlation high antigen 

loads, contribute to the downregulation of antiviral T cell responses (49, 95). Later use of 

a perforin-deficient mouse model, which was incapable of clearing the virus, added more 

substance to this hypothesis (67). In this study, high viral loads led to a reduction in 

antiviral CD8+ T cell effector functions as well as a reduction in antiviral CD4+ T cell 

functionality (specifically IL-2 production). Furthermore, these high antigen loads were 

shown to be important for sustaining the exhaustion phenotype and the level of antigen, 

not the strength of TCR stimulation, initiates the exhaustion phenotype (69, 96, 97). 

Interestingly, it has also been suggested that the kinetics of antigen presentation, with NP 

antigens being expressed before GP antigens, and the inability of NP-recognizing T cells 

to withstand the increased antigen burden during LCMV Cl 13 infection may both 
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contribute to the impaired T cell response during chronic viral infection (67, 98). This may 

explain why NP396-recognizing CD8+ T cells, the primary cytotoxic lymphocyte directed 

against LCMV Arm, are rapidly diminished following LCMV Cl 13 infection (63, 91, 99, 

100).  

Disruption of lymph structure and DCs 

 The physical disruption of lymphoid architecture is also responsible for the onset 

of viral persistence. As noted, the mutation in GP-1 of LCMV Cl 13 led to increased 

infectivity of macrophages and dendritic cells (54–58). Work with LCMV strains that cause 

persistent infections showed that these infected cells could be targeted by cytotoxic 

lymphocytes leading to a disruption of the lymphoid tissues and an impairment of the 

antigen-presentation process (101, 102). Further analysis showed that the lymphoid 

architectural cells, fibroblastic reticular cells, were also infected with LCMV Cl 13, which 

interrupted several lymphocyte processes that are regulated by these cells and led to the 

increased disruption of the lymphoid structure. A more recent study has also shown that 

LCMV Cl 13 triggers severe thymic depletion due to cytotoxic lymphocyte-mediated killing 

of infected cells in the thymus (103). While the thymus tissue eventually recovers during 

chronic infection, the early disruption of this tissue contributed to the inability to replenish 

antiviral T cells early during the establishment of persistence.  

Inhibitory receptors 

 The increased levels of inhibitory receptors are one of the more popular subtopics 

in the initiation of persistent viral infections as these represent potential therapeutic 

targets. Therapeutics that target inhibitory receptors discovered by the experimental use 

of LCMV Cl 13 have also been analyzed and confirmed with other persistent viral 
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infections and in cancers (and vice versa). In this section, several key inhibitory receptors 

that have been identified and their roles during LCMV Cl 13 infection are discussed.   

PD-1/PD-L1 

In 2006, a ground-breaking study identified PD-1, a known inhibitory receptor of 

TCR co-stimulation, as highly upregulated on exhausted CD8+ T cells (71, 104, 105). PD-

1 binding to PD-L1/PD-L2 on target cells/antigen presenting cells disrupts TCR signaling 

and inhibits T cell proliferation (106). It was observed that antibody-mediated disruption of 

PD-1 signaling via targeting of PD-L1 led to increased antiviral CD8+ T cell functionality 

and viral clearance independent of CD4+ T cell help (71). Another study added to these 

findings to show that tissue expression of PD-L1 often correlated with PD-1 expression of 

exhausted CD8+ T cells in those tissues (107). Also, viral persistence may result from PD-

1hi CD8+ T cell populations in specific tissues, including the bone marrow and liver. 

However, blockade of the PD-1/PD-L1 pathway does not completely restore CD8+ T cell 

functionality but may act on a specific subset of exhausted CD8+ T cells (71, 108). The 

levels of PD-1 were also shown to be high on exhausted CD4+ T cells during LCMV Cl 13 

infection (92). Nevertheless, it is unknown how important PD-1 on CD4+ T cells is to the 

exhaustion phenotype. Targeting PD-1 has since been applied to multiple areas of 

immunology for its role in repressing the immune response (109). 

LAG-3 

 Lymphocyte activation gene-3 (LAG-3) is a molecule expressed on activated CD4+ 

and CD8+ T cells that negatively regulates T cell function through its interactions with 

MHC-II (110–112). LAG-3 is structurally similar to the CD4 molecule making it a competitor 

with CD4 for MHC-II binding. Since CD8+ T cells do not interact with MHC-II, LSECtin, 

which is expressed in the liver, has been suggested as a binding partner for LAG-3 (113–
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115). It can be strongly activated by IL-12, a pro-inflammatory molecule, and it is 

expressed on T cells in inflamed tissues as opposed to lymphoid tissues. LAG-3 was 

shown to be highly upregulated on exhausted CD8+ T cells during LCMV Cl 13 infection 

(72, 107). However, LAG-3 expression peaks early during infection and, unlike PD-1, 

seems to wane throughout the exhaustion phase (72). LAG-3 expression slightly reduces 

the rate of CD8+ T cell division during LCMV infection, which may point to its function 

during exhaustion (116). Antibody-mediated blockade of LAG-3 did not drastically 

increase the population of antiviral CD8+ T cells but did lead to a reduction of LCMV Cl 13 

viral titers. Importantly, dual blockade of PD-1 and LAG-3 led to a significant increase in 

the functionality of antiviral CD8+ T cells during LCMV Cl 13 infection (107).  

Tim-3 

Tim-3 is expressed on Th1 CD4+ T cells and cytotoxic CD8+ T cells (117). Binding 

of Tim-3 with one of its ligands, galectin-9, induces cell death (118). Another ligand, 

Ceacam-1, was identified for Tim-3, which is vital for the inhibitory function of Tim-3 and 

is important for the role of Tim-3 in exhaustion in a tumor setting (119). Tim-3 regulates 

downstream TCR signaling, thus mediating its suppressive function (114, 119, 120) During 

LCMV Cl 13 infection, Tim-3 was found to be co-expressed with PD-1 and was associated 

with a severe exhaustion state (121). This has subsequently made Tim-3 a favorable 

marker for CD8+ T cells that have reached the advanced exhaustion stage as opposed to 

the memory-like phenotype (i.e. Tim-3-) (77, 83). Similar to other inhibitory molecules, Tim-

3 blockade alone only slightly increased the function of antiviral CD8+ T cells and reduced 

LCMV titers in the liver by a minimal amount but not at all in the serum (121). However, 

the dual blockade of Tim-3 and the PD-1/PD-L1 axis significantly increased antiviral CD8+ 

T cells and viral clearance. The role of Tim-3 on exhausted CD4+ T cells is currently 

unknown.  
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CTLA-4 

 Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is another negative 

regulator in T cells, which functions by competing for CD80/CD86 costimulatory binding 

with CD28 (122). CTLA-4 functions to suppress T cells similarly to PD-1, but this occurs 

through distinct mechanisms (123). While exhausted CD8+ T cells were shown to have 

increased levels of Ctla4 mRNA, there was no change in CD8+ T cell responses or viral 

titers following blockade of CTLA-4 (71). CTLA-4-deficient CD8+ T cells were also shown 

to have normal responses to LCMV infection (124). Moreover, there was no synergistic 

effect following the dual blockade of CTLA-4 and PD-1 (71). This is potentially due to the 

CD4+ T cells being depleted in these experiments. However, a more in-depth analysis 

found a trend toward decreased responsiveness but no significant difference in the 

responsiveness of CLTA-4-deificent CD4+ T cells to LCMV infection (125). Nevertheless, 

later studies have found CTLA-4 expression to be biased towards exhausted CD4+ T cells 

rather than of CD8+ T cells (92, 107). Additionally, CTLA-4 blockade has been effective in 

increasing the effector functions of exhausted T cells from human immunodeficiency virus 

(HIV) and hepatitis C virus-infected patients (126, 127). It is possible that CTLA-4 may 

operate through a subset of exhausted CD4+ T cells or is simply not involved in initiating 

exhaustion during LCMV infection.  

BTLA 

B and T-lymphocyte attenuator (BTLA) is another T cell inhibitory receptor related 

to CTLA-4 and PD-1 that blocks signaling downstream of the TCR following binding to its 

ligand herpes virus entry mediatory (HVEM), a TNFR family member (128–130). BTLA 

was not found to be upregulated on exhausted CD8+ T cells during LCMV Cl 13 infection 

but was upregulated on exhausted CD4+ T cells (92, 107). Similar to CTLA-4, blockade of 

BTLA was shown to be synergistic with PD-1 blockade for exhausted HIV and hepatitis B 
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virus (HBV)-specific T cells (131, 132). It is uncertain whether BTLA blockade is applicable 

to LCMV infection.  

CD160 

 Interestingly, CD160, another binding partner of HVEM, has been found to be a 

negative regulator of T cell activation and is upregulated on exhausted CD8+ T cells during 

LCMV Cl 13 infection (72, 107, 130, 133). However, the exact mechanism of CD160 

signaling is unknown. Blocking of CD160 improved CD8+ T cell cytotoxicity and survival 

of PD-1hi CD8+ T cells, in an in vitro experiment (107). CD160 may only be expressed on 

a subset of exhausted CD8+ T cells late during infection making it a player in sustaining 

the persistent infection.  

TIGIT  

T cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain 

(TIGIT) is another immunoglobulin superfamily member that was found to be upregulated 

on exhausted CD8+ T cells during LCMV Cl 13 infection (134, 135). TIGIT competes with 

CD226 (a costimulatory molecule) for the ligand poliovirus receptor (PVR) and functions 

by disrupting downstream TCR signaling (114, 136, 137) While in vivo antibody-mediated 

blockade against TIGIT alone did not restore antiviral function in CD8+ T cells, co-blockade 

with PD-1 synergistically reduced viral titers and increased the proportion of IFN+ CD8+ T 

cells (135).  

2B4 

As a CD2 receptor family member along with signaling lymphocyte activation 

molecule (SLAM), 2B4 (CD244) has primarily been studied for its role in inhibition of NK 

cells (138, 139). Additionally, 2B4 is found on some CD8+ T cells and may function in a 

similar suppressor role; although, this T cell suppressive function is debated by some 
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studies (138, 140, 141). In support of this, 2B4 was found to be upregulated on exhausted 

CD8+ T cells during LCMV Cl 13 infection and is mostly sustained during the infection (72, 

107). 2B4 expression may also be associated with the loss of memory CD8+ T cells during 

LCMV Cl 13 infection, particularly in a secondary response. The transfer of 2B4-deficient 

virus-specific CD8+ T cells during a persistent infection promotes sustained cell viability, 

which is not seen in the presence of 2B4 (70). The blocking of 2B4 signaling did not 

enhance the cytotoxic ability of exhausted CD8+ T cells but did increase IFN production 

(107). 2B4 appears to be biased towards exhausted CD8+ T cells rather than exhausted 

CD4+ T cells (92).  

PSGL-1 

A more recent finding identified P-selectin glycoprotein ligand-1 (PSGL-1) as a 

novel regulator of CD8+ and CD4+ T cells exhaustion. PSGL-1 is normally involved in T 

cell motility; however, PSGL-1-deficient CD4+ and CD8+ T cells have reduced inhibitory 

receptor levels and increased antiviral functionality against LCMV Cl 13 (142). PSGL-1 

appears to function through the extracellular signal-related kinases (ERK) and protein 

kinase B (AKT) signaling pathways, which are known to regulate T cell responses. 

Upregulation of PSGL-1 promotes increased PD-1 levels and reduces TCR stimulation 

and IL-2 signaling. PSGL-1 was also found to be linked to transcriptional changes that 

promote CD8+ T cell exhaustion. In the absence of PSGL-1, the observed enhanced T cell 

functionality was linked to increased expression of the IL-7 and IL-2 receptors. Reduction 

of both of these signaling pathways are hallmarks for the exhaustion phenotype due to 

their roles in T cell proliferation and the memory response. Furthermore, several other 

inhibitory receptors (e.g. BTLA, CD160) were decreased on PSGL-1-deficient T cells, 

which may indicate that PSGL-1 is involved in upstream regulatory events that contribute 

to terminal exhaustion. Finally, CD4+ T cells were critical to the increased effector 
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response of exhausted CD8+ T cells in the PSGL-1-deificient mice, indicating that PSGL-

1 may play a role in the exhaustion of both CD4+ and CD8+ T cells.  

Immunosuppressive cytokines 

 Several inhibitory cytokines known to have an anti-inflammatory role during an 

immune response have also been shown to promote an immunosuppressive environment 

during LCMV Cl 13 infection. Several of these are discussed below.  

IL-10 

 IL-10 is known for its suppressive functions on an array of immune cells (143). 

During LCMV Cl 13 infection, IL-10-producing, virus-specific CD4+ T cells significantly 

increase in the spleen and the liver (90). These cells were found early during infection but 

were diminished by 9 days post infection. Further analysis utilizing blockade of the IL-10 

receptor showed that IL-10 contributes to the establishment of a persistent infection (144). 

This treatment enhanced antiviral CD8+ T cell responses, reduced PD-1-expressing CD8+ 

and CD4+ T cells and promoted viral clearance. IL-10 was shown to function in a distinct 

mechanism from PD-1/PD-L1-mediated suppression (145). Importantly, this allowed a 

combinatory blockade of PD-L1 and IL-10 to increase the antiviral response against LCMV 

Cl 13 and promoted viral clearance. One of the major cell types identified to produce IL-

10 during LCMV Cl 13 infection is virus-specific Th1 CD4+ T cells (146). Thus, exhausted 

CD4+ T cells themselves appear to be reprogrammed, ultimately contributing to the 

exhaustion environment.  

Type I IFN 

 Type I interferons (IFN-I) are well known for their role in antiviral responses (147). 

However, during a chronic viral infection IFN-I signaling has been shown to negatively 

impact the adaptive immune response. IFN-I levels are elevated early during in LCMV Cl 
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13 infection (148). Similarly, IFN-I stimulated genes were upregulated and remained 

elevated in spleen tissue (149). Blockade of the type I IFN receptor (IFNAR) or a deficiency 

in IFNAR leads to decreased PD-L1 expression on LCMV-infected DCs and on 

macrophages as well as a decrease in IL-10 levels in the serum early during infection 

(148, 149). Furthermore, blocking IFN-I signaling promotes control of viral persistence, 

which is due to an increase in virus-specific CD4+ T cells. IFN-I signaling is responsible 

for suppressing the formation of antiviral CD8+ T cells by antagonizing the TCF1-mediated 

generation of stem-like CD8+ T cells. IFNAR1 blockade increases the proportion of TCF1+ 

CXCR5+ Tim-3- CD8+ T cells during LCMV Cl 13 infection (80, 150).  

Exhaustion of CD4+ T cells during LCMV Cl 13 infection has also been associated 

with chronic IFN-I signaling (92). Even with low IFN-I levels later during LCMV Cl 13 

infection, virus-specific CD4+ T cells appear to respond to IFN-I signals. This may indicate 

that early IFN-I imparts lasting changes on the transcriptional regulation of exhausted 

CD4+ T cells. In relation to other cells, IFN-I is implicated in the disruption of B cell 

generation during LCMV infection, which is defined as “B cell decimation.” This process 

involves the depletion of virus-specific B cells due to the generation of short-lived plasma 

cells (151). This effect was independent of IFN-I signaling intrinsic to B cells. Instead, the 

process required a coordinated effect from DCs, T cells, and myeloid cells. Of note, IFN-I 

signaling also prevents the development of DCs during LCMV Cl 13 infection (152). 

Finally, a recent study has shown that IFN-I signaling during LCMV Cl 13 infection 

imposes changes on liver cell metabolism, which downregulates antiviral T cell responses 

(153). Signaling through IFNAR caused a break in the urea cycle, which is an important 

metabolic pathway in the liver, leading to an alteration of arginine and ornithine ratios in 

the serum. This change in metabolites was shown to impact the ability of virus-specific 

CD4+ and CD8+ T cells to respond to the LCMV infection but simultaneously protected the 
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liver tissue from T cell-mediated damage. Overall, IFN-I appears to play a central role in 

the induction of exhaustion due to its potent immunoregulatory abilities.   

TGF-β 

TGF-β is a well-characterized cytokine known for its role in inhibiting 

immunopathology (154). Virus-specific CD8+ T cells were shown to have increased TGF-

β expression during LCMV Cl 13 infection (155). In the absence of TGF-β signaling, virus-

specific T cells had reduced levels of the pro-apoptotic molecule Bcl-2-like protein 11 

(Bim), which correlated with increased survival and functionality of both virus-specific 

CD4+ and CD8+ T cells during infection. Furthermore, TGF-β-deficient mice had reduced 

LCMV Cl 13 titers, which was dependent on CD8+ T cells and partially on CD4+ T cells. 

The observed effects on CD8+ T cells occurred through intrinsic TGF-β signaling and 

extrinsic effects of TGF-β on other cells. However, subsequent studies showed that 

antagonizing TGF-β signaling, as opposed to complete deletion, was only able to 

minimally increase virus-specific T cell responses and did not promote viral clearance 

(156, 157). These studies imply that TGF-β may be integral in contributing to the 

exhaustion state but not necessary to its continued maintenance.  

Gene regulation/epigenetics 

 During T cell exhaustion, exhausted cells have been shown to acquire a distinct 

state of epigenetic and transcriptional changes that affect gene expression. These are 

distinct from effector and memory CD8+ T cells during acute viral infection (72, 158–160). 

Interestingly, changes in regulatory regions were found in exhausted CD8+ T cells that 

typically associated with the activation of local genes, rather than the repression of those 

genes (158, 159). For instance, chromatin accessible regions related to the genes for 

inhibitory receptors PD-1 and Tim-3 were found to be open in exhausted cells (158). 
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Exhausted T cells appear to contain an open enhancer region for the Pdcd1 (PD-1) locus, 

inaccessible in normal CD8+ T cells. Transcription factors commonly associated with 

exhausted T cells were also shown to localize to this enhancer region. Nevertheless, many 

accessible gene regions are shared between exhausted CD8+ T cells and normal CD8+ T 

cells, but the differences arise in the gene regulatory areas (159). Interestingly, another 

study found that PD-1/PD-L1 blockade did not significantly change the epigenetic 

organization in exhausted CD8+ T cells (160). Thus, PD-1 may regulate signaling and 

transcriptional events in cells, but it does not appear to regulate the epigenetic 

programming of exhausted T cells. Furthermore, PD-1/PD-L1 blockade failed to generate 

a lasting effector or memory phenotype from exhausted CD8+ T cells. This implies that 

changes in exhausted T cells are seemingly hard-wired in the genome and therapeutics 

may need to target upstream regulators of chromatin remodeling or specific transcriptional 

regulators that affect gene expression to alleviate the exhaustive state.  

 Differential expression patterns of transcription factors in both exhausted CD8+ and 

CD4+ T cells have been observed (72, 92). These are often considered the regulatory 

mechanisms that influence the exhaustive state. In exhausted CD8+ T cells, regulatory 

changes were associated with not only an increase in inhibitory receptors but also 

changes in intracellular signaling pathways and changes in metabolic regulation (72). 

Exhausted CD4+ T cells did show some of the conserved regulatory pathways of 

exhausted CD8+ T cells, but additional changes were seen in distinct transcription factors. 

Also, exhausted CD4+ T cell transcriptional patterns displayed a striking correlation with 

IFN-I signaling (92). Several regulatory factors that have been identified as important 

during T cell exhaustion are discussed in this section. 

TOX 
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 Thymocyte selection-associated high mobility group box protein TOX (TOX) has 

recently been identified as a critical transcriptional factor associated with the development 

of exhaustion (161–163). TOX was shown to be required for the development of 

exhausted CD8+ T cells through its impact on modulating epigenetic and transcriptional 

regulatory features associated with the exhaustion state (162). TOX was initially found to 

be induced by calcium signaling via calcineurin, which functions through the transcriptional 

regulator nuclear factor of activated T cells (NFAT) 2. TOX was shown to be required for 

the formation of stem-like exhausted CD8+ T cells and differentiates them from normal 

memory precursor CD8+ T cells (161, 163). Moreover, TOX promoted the survival of this 

subset of exhausted CD8+ T cells as well as terminally exhausted CD8+ T cells. Therefore, 

TOX may play an important role in the early differentiation into the exhaustion state but 

could also impart longevity on these cells, which makes them crucial for sustained antiviral 

responses.  

NFAT 

 NFAT, a group of transcription factors normally involved in T cell activation, has 

consistently been associated with the exhaustion state (72). NFAT proteins interact with 

the Fos-Jun (activator protein 1, AP-1) transcription factors (164). Modification of NFAT to 

prevent its partnering with AP-1 was shown to control aspects of T cell exhaustion through 

its binding to the regulatory regions of exhaustion-associated genes, like Pcdc1 and 

Havcr2 (165). Interestingly, Fos, a binding partner of NFAT, was shown to be 

downregulated during LCMV Cl 13 infection, while NFAT was increased (72). This gives 

substance to the role of unpartnered NFAT in regulating exhaustion. NFAT activity may 

also promote the establishment of the exhaustion phenotype through changes in active 

chromatin regions as well as transcriptional activation of genes (159). NFAT is capable of 

inducing PD-1 expression. As a result, NFAT-deficient mice were shown to have fewer 
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virus-specific CD8+ T cells expressing PD-1, Tim-3, and LAG-3 during LCMV infection 

(165, 166). Moreover, PD-1/PD-L1 blockade reduced the expression levels of targets for 

unpartnered NFAT (160).  

TCF1 

 TCF1 is important for the generation of memory and Tfh cells and is suggested to 

play a role in long-term T cell maintenance (80, 167, 168). TCF1 was identified as a critical 

transcription factor in the generation of the memory-like subset of exhausted CD8+ T cells 

(73, 77, 79, 80). TCF1 is critical for maintaining this population during the exhaustion 

phase, which contributes to eventual viral clearance. TCF1-expressing exhausted CD8+ T 

cells express PD-1 but have lower levels of inhibitory receptors that are associated with 

more terminally exhausted cells (e.g. Tim-3) (80). Moreover, these cells have enhanced 

proliferative capabilities (73). TCF1 works in conjunction with Bcl6 to mediate this 

phenotype but was shown to repress Blimp-1, which antagonizes CXCR5 expression 

crucial for the function of these cells (79, 80). Later work showed that TCF1 functions early 

during the generation of the exhaustion state to prevent the formation of terminally 

differentiated effector cells (169). PD-1 expression in this group of cells may protect them 

from alternative differentiation or deletion. Furthermore, this early regulation may facilitate 

the actions of TOX to provide stable epigenetic changes for the preservation of these 

memory-like cells (169). Another transcription factor Forkhead box O1 (FOXO1), which 

can regulate TCF1 expression, has also been shown to be vital for sustaining the memory-

like population of exhausted cells during LCMV Cl 13 infection (170). Thus, TCF1 may be 

an essential regulator that positions T cells to differentiate towards the exhaustion state. 

While this seems to be a negative consequence, it may also prevent burn-out or host 

damage from over-activated T cells.  

T-bet/Eomes 
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 The transcription factor T-bet is often associated with its role in effector T cells. 

During LCMV Cl 13 infection, T-bet functions to repress exhaustion (134, 171). T-bet 

levels were lower in virus-specific CD8+ T cells following LCMV Cl 13 infection compared 

to LCMV Arm infection due to the higher antigen loads seen during LCMV Cl 13 infection 

(171). In the absence of T-bet, LCMV Cl 13 titers are higher and antiviral CD8+ T cells are 

less functional. Furthermore, T-bet was shown to negatively repress PD-1, LAG-3, and 

CD160 expression, and specifically repressed PD-1 expression at the transcriptional level. 

Therefore, T-bet may play a critical role in the maintenance of the effector function of 

exhausted CD8+ T cells. Alternatively, T-bet may promote an antiviral response but loses 

out to pro-exhaustion factors early during infection.  

 Eomes is another transcription factor that is upregulated in exhausted CD8+ T 

cells. However, it is generally associated with effector T cells and generation of a memory 

CD8+ T cell phenotype (72, 134, 172). Eomes was found to be upregulated during LCMV 

Cl 13 infection and its expression represented a more terminally differentiated population 

(173). Furthermore, the Eomes-expressing cells appeared to be derived from the T-bet-

expressing population but had enhanced proliferating capabilities. Thus, T-bet-expressing 

cells and Eomes-expressing cells may represent distinct populations of exhausted CD8+ 

T cells that both play roles in the antiviral response (171, 173). In fact, Eomes expression 

was increased in the memory-like population of exhausted CD8+ T cells expressing TCF1 

(73). These studies show the complexity of differential populations within the exhausted 

state as well as the importance of their maintenance for eventual viral control.  

Blimp-1 

 Blimp-1 is a transcriptional repressor known to regulate cytokine expression in T 

lymphocytes as well as regulate B cell development (174). Blimp-1 expression is 

increased in exhausted CD8+ T cells (72, 107). Deletion of Blimp-1 led to increased virus-
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specific CD8+ T cells and decreased PD-1, LAG-3, CD160, and 2B4 protein levels (107). 

Like other transcriptional regulators the exhaustion-promoting function of Blimp-1 is 

necessary for eventual viral control, and Blimp-1-deficiency led to moderately increased 

viral levels. As noted, Blimp-1 antagonizes generation of the memory-like population of 

exhausted CD8+ T cells (79). In another study, Blimp-1 was also found to promote the 

expression of IL-10 from Th1 cells due to constant antigen exposure (146). Therefore, 

Blimp-1 may play important roles in the generation of effector-like exhausted CD8+ T cell 

populations that are required for intermediate viral control before the resolution phase but 

also in the generation of regulatory CD4+ T cells that contribute to the immunosuppressive 

environment.  

PTPN2 

 Recently, Tyrosine-protein phosphatase non-receptor type 2 (PTPN2) was 

identified as a negative regulator for generating the terminally exhausted (Tim-3+) CD8+ T 

cell population (175). While not a transcriptional factor itself, PTPN2 is normally associated 

with several important signaling cascades (176). In the absence of PTPN2, the Tim-3+ 

terminally exhausted population was found to increase during LCMV Cl 13 infection. This 

occurs due to increased IFN-I signaling. Thus, PTPN2 appears to work against the IFN-I-

induced mechanism of instigating terminal exhaustion.   

Cell-mediated suppression 

FoxP3+ regulatory T cells (Tregs) are well known for their modulation of immune 

responses (177). As such, Tregs contribute to the exhaustion state during chronic LCMV 

infection (178, 179). However, Treg-depletion was not able to reduce viral titers, implying 

that Tregs may promote T cell exhaustion but do not independently contribute to the 

reduction in cytotoxic activity (179). Tregs express LAG-3 at higher levels than activated 
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CD4+ T cells, which contributes to their suppressive abilities (114, 180). LAG-3 is also 

expressed on IL-10-secreting regulatory T cells (181). Therefore, competition of LAG-3 

with CD4 for MHC-II binding may represent a mechanism through which these cells 

mediate their suppressive function. TIGIT may also contribute to the suppressive 

environment during an immune response by promoting the production of IL-10 from DCs 

as well as regulatory T cells (114).  

 Different subgroups of DCs have also been shown to contribute to the 

immunosuppressive environment. A subset of DCs, CD11c+ CD8- DCs were shown to 

stimulate IL-10 production by virus-specific CD4+ T cells during LCMV Cl 13 infection but 

not during LCMV Arm infection (144). This subset of DCs is known to promote Th2 

responses via IL-10 (182, 183). In addition, IL-10 production was shown to negatively 

regulate CD11c+ CD8+ DCs, which are known to produce IL-12, a cytokine important for 

Th1 T cell differentiation. Interestingly, the CD8+ DC subset was shown to be preferentially 

reduced during LCMV Cl 13 infection (144). These observations may point to skewing in 

DC subsets, which contributes to an immunosuppressive environment. Later analyses 

identified CD4+ CD8- DCs infected with LCMV Cl 13 to be a significant source of IL-10, 

which was instigated by IFN-I signaling rather than viral infection itself (184). In addition, 

various populations of DCs, macrophages, and B cells (collectively termed inhibitory 

antigen presenting cells) have been shown to express IL-10 and several inhibitory 

receptors during LCMV Cl 13 infection, which suppress LCMV-specific T cell responses 

(185, 186). Another study attempted to delineate the function of inhibitory DCs. This study 

identified that CD95(Fas)+ CD39+ immunoregulatory (ireg) DCs express elevated IL-10 

and PD-L1 but also increased T cell-recruiting signals (187). In essence, these iregDCs 

may function to bring in inflammatory T cells in order to downregulate their abilities. While 

IFN-I contributed to the suppressive abilities of the iregDCs, increased IFN was 
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responsible for the formation of these cells from a monocyte origin. Overall, these cells 

can dramatically downregulate antiviral T cell responses during LCMV Cl 13 infection.    

 Myeloid-derived suppressor cells (MDSCs) are another class of immunoregulatory 

innate cells that have been shown to downregulate immune responses (188). During early 

LCMV Arm and Cl 13 infections, many innate cell populations do not appear to be 

divergent (189). However, this changes over the course of the chronic infection 

(approximately 14 days post infection), when monocytic and neutrophilic cells accumulate. 

These innate cells resembled MDSCs and expressed C-C chemokine receptor 2 (CCR2), 

which was critical for the recruitment of these cells to regions where antigen was present. 

Interestingly, the deletion of CCR2 led to an accumulation of monocytic cells in their 

progenitor tissue, the bone marrow, which prevented their trafficking to lymphoid tissues 

and subsequent downregulation of T cell responses. Furthermore, antibody-mediated 

depletion of these cells resulted in improved antiviral responses.  

Using a subcutaneous model of infection, one group found that a population of 

CD11b+ Ly6Chi inflammatory monocytes was able to eliminate virus-specific B cells during 

LCMV Cl 13 infection (190). IFN-I signals were shown to recruit these monocytes to the 

draining lymph nodes in a CCR2-dependent fashion. Furthermore, the ablation of these 

cells led to better production of LCMV-specific neutralizing antibodies. Thus, a variety of 

innate cells can contribute to the exhaustion phenotype, and these regulatory innate and 

adaptive cells may have a more important role in the regulation of exhausted T cells than 

previously thought.  

I-Avi. Resolution of chronic viral infection 

Several works showed that CD4+ T cells are critical for maintaining CD8+ T cell 

responses (albeit reduced) during a persistent LCMV infection (86, 87). The presence of 
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CD4+ T cells is important for the eventual clearance of the virus (63). Furthermore, host 

reconstitution with functional virus-specific Th1 CD4+ T cells improved antiviral CD8+ T cell 

responses and greatly decreased viral titers later during infection (186). Thus, CD4+ T 

cells are vital to the immune response during LCMV Cl 13 infection and the eventual 

resolution of infection.  

IL-21 produced by CD4+ T cells during LCMV Cl 13 infection and signaling through 

the IL-21 receptor is crucial for maintaining antiviral CD8+ T cell responses (191–193). In 

the absence of IL-21, CD8+ T cells cannot control the infection and are deleted (191). 

These studies also showed that IL-21+ CD4+ T cells were lower in LCMV Cl 13 infection 

compared to LCMV Arm infection (192). This may provide a potential explanation for 

reduced antiviral capacity during LCMV Cl 13 infection; even though, the reduced IL-21 

production is eventually able to promote viral clearance. Conversely, the switch to IL-21 

producing CD4+ T cells may serve to promote sustained antiviral CD8+ T cell response 

(191). Recently, this study was expanded to show that IL-21 produced by CD4+ T cells 

during LCMV Cl 13 infection promoted the formation of CX3CR1+ CD8+ T cells during the 

exhaustion phase, which are important for maintaining viral control (83). IL-21 can also 

promote B cell responses, the development of Th17 CD4+ T cells, and Tfh CD4+ T cells, 

which may assist in the resolution of inflammation and the infection (194, 195).  

The IL-6 family of cytokines and signaling through the IL-6 family receptors are 

also vital for LCMV Cl 13 clearance. IL-6-deficient mice were shown to be incapable of 

controlling the viral infection (196). Additionally, IL-6 was shown to be important for the 

generation of Tfh CD4+ T cells (through upregulation of Bcl6) and B cell responses later 

during LCMV Cl 13 infection. Follicular dendritic cells were a suggested source of this IL-

6. In addition, IL-27, another IL-6 family member, was shown to play a critical role in LCMV 

Cl 13 viral control (197). Overall, signaling through the shared IL-6 family receptor, gp130, 
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was crucial for promoting an antiviral response and producing IL-21 during LCMV Cl 13 

infection. IL-27 can also contribute to the early innate antiviral response through its actions 

on DCs, which contributes to increased IFN-I levels but also is required for eventual viral 

clearance (198). IL-6 can promote B cell responses by mediating the production of IL-21 

by CD4+ T cells and inhibit the formation of Tregs (199, 200). Recently, IL-27 has been 

identified to play an intrinsic role in promoting the survival of CXCR5+ CD8+ T cells, which 

were important for maintaining the antiviral T cell response during LCMV Cl 13 infection 

(73, 79, 150). Thus, IL-27 could oppose IFN-I signaling during LCMV infection.  

Both IL-21 and IL-6 are important for generating Tfh CD4+ T cells that are selected 

for during LCMV Cl 13 infection (93, 196, 201). Ultimately, these cells promote an 

adequate B cell and neutralizing antibody response that aids in the clearance of the 

infection (202–204). Interestingly, chronic infection with LCMV Cl 13 virus was shown to 

instigate more robust germinal center B cell responses and antibody production than was 

capable during LCMV Arm infection (205, 206). This may be a result of the CD8+ T cell-

dominated response during LCMV Arm infection. Despite diminished T cell responses 

during chronic viral infection, eventually protective B cell responses develop, and viral 

clearance is achieved.  

Taken together, these studies show that many arms of the adaptive immune 

response are critical for the eventual clearance of LCMV Cl 13. The mechanisms behind 

the regulation of these immune responses are complex and appear to be precisely 

coordinated.  

I-Avii. LCMV and immunopathology 

Work with LCMV has also contributed to the study of immunopathology. Early 

studies revealed that when LCMV Arm was injected intracerebrally excessive mortality 
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was observed. This was found to not be a result of the virus killing infected cells, as LCMV 

is a nonlytic virus, but due to the cytotoxic T cell response that infiltrated the neural tissue, 

eventually leading to death (22, 24, 36). The use of the LCMV Arm model also played a 

part in identifying the roles of CD8+ T cells and natural killer cells, and their cytotoxic 

pathways, Fas and perforin, in immunopathology and viral clearance (207–210). Later 

studies found that CD4+ T cells also contributed to host death following LCMV Arm 

infection in a Fas-dependent manner (211, 212). Additionally, the immune responses 

elicited by T cells were shown to recruit monocytes and neutrophils to the central nervous 

system that contributed to the observed lethality (213).  

Another interesting occurrence is LCMV-instigated immunopathology following 

tissue transplantation even in immunosuppressant conditions (30, 214). Further analysis 

utilizing a mouse model found that the use of the calcineurin inhibitor FK506, which is 

commonly used as an immunosuppressant, can cause an alteration in the functioning of 

CD8+ T cells during LCMV Arm infection (214). These T cells can instigate liver 

macrophages, possibly through the killing of virus-infected cells, to produce high levels of 

TNF and IL-6, which were involved in the observed immunopathology.  

It is easy to think of T cell exhaustion as a defect in the immune response, which 

requires repair. However, it has become apparent that exhaustion is necessary for the 

survival of the host and is another mechanism, like negative selection, that protects the 

host from self-damage. Viruses like LCMV or HCV and tumors have evolved unique 

methods to exploit these immune-suppressing functions. In contrast, exhaustion may be 

a built-in mechanism to protect against viciously replicating pathogens (215). This was 

shown in one study that analyzed infection with various doses of LCMV Cl 13. When a 

medium dose (2x105 PFU) was given intravenously (i.v.), severe mortality was observed, 

which was dependent on the CD8+ T cell response. This was not seen with a 10-fold higher 
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dose (2x106 PFU), which is known to establish a persistent infection. Only partial 

exhaustion of virus-specific CD8+ T cells occurred with the medium dose, and pathology 

was observed in the lungs and livers of these mice. Notably, no difference in viral titers 

was seen following the depletion of CD8+ T cells, which indicates that the enhanced 

immune response can cause pathology but not positively contribute to viral clearance 

(215). Another study found similar results using an intermediate dose of LCMV (4x105 

PFU), where the mice exhibited severe morbidity dependent on CD4+ and CD8+ T cells 

without a change in viral titers (216). Supporting early studies on the role of antigen levels 

in the establishment of chronic infection, both studies found that a low dose (2x104 or 

8x104 PFU) led to an increased immune response that productively cleared the virus (96, 

215, 216). These findings show that there is an essential balance between the immune 

response and an invading pathogen and that the immune system itself must carefully 

maintain this balance in order to provide the best outcome for the host.   

Natural killer (NK) cells have also been observed to contribute to T cell exhaustion. 

These cells are normally associated with their role in antiviral defense; however, NK cells 

were previously not associated with LCMV infection (217, 218). In the absence of NK cells, 

mouse death is significantly increased following LCMV Cl 13 infection (219). This was 

found to be due to an increase in virus-specific T cells, specifically virus-specific CD4+ T 

cells. This indicates that during LCMV Cl 13 infection NK cells eliminate activated CD4+ T 

cells in a perforin-dependent manner. While this activity contributes to the exhaustion 

phenotype, it also prevents immunopathology. As noted, a medium dose of LCMV Cl 13 

(2x105 PFU) caused significant mortality (215). Interestingly, when NK cells were 

depleted, this mortality was not observed, and virus titers were reduced (219). It is possible 

that at a medium dose, the inflammatory environment influences NK cells to negatively 

impact the host. Conversely, it is possible that NK cell-mediated killing of virus-specific 
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cells leads to enhanced inflammation that was a major contributor to the observed 

mortality. In another study, 2B4 was also shown to have important functions in regulating 

NK cells during LCMV Cl 13 infection (220). In this case, the absence of 2B4 caused the 

heightened killing of virus-specific CD8+ T cells, which resulted in enhanced LCMV 

persistence. Thus, the regulation of other cells, like NK cells, is also crucial during LCMV 

Cl 13 infection to mediate a productive outcome without causing immunopathology.  

 The function of exhaustion in protecting the host has been highlighted by studies 

investigating the role of immune regulatory pathways in the establishment of exhaustion. 

Studies utilizing PD-1-deficient mice found that shortly following LCMV Cl 13 infection 

mice developed CD8+ T cell-dependent, perforin-mediated immunopathology, which 

resulted in the death of the mice (221, 222). This death was due to systemic vascular 

permeability mediated by targeting of LCMV-infected endothelial cells by the PD-1-

deficient CD8+ T cells. PSGL-1-deficient mice were also shown to display enhanced T cell 

responses that led to immunopathology and mortality following LCMV Cl 13 infection 

(142). This effect was dependent on CD4+ T cells as depletion of these cells prevented 

the observed damage. As noted, LCMV Cl 13 infection causes severe thymic disruption, 

which potentially promotes persistent viral infection (103). An interesting observation from 

these studies was that thymic repair occurred following the establishment of T cell 

exhaustion. This showcases another example where the downregulation of T cell 

responses protects the host from further damage. Also, the study showed that anti-PDL1 

therapy during chronic infection caused a secondary attack on the thymic tissue from 

which the thymic tissue did not recover.  

Immunosuppressive cytokines can also be critical factors for protecting the host 

from a vigorous viral infection. For instance, one study found that specific subsets of 

macrophages are critical for producing prolonged IFN-I, which increases PD-L1 
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expression in the liver (223). In the absence of these cells, IFN-I levels remain low and 

CD8+ T cells are rescued from exhaustion, but the mice experience severe 

immunopathology that results in death. In another study, IL-10 production by a subset of 

Tfh cells that also produced IL-21 was critical for promoting a humoral response to LCMV 

Cl 13, and IL-10 was shown to specifically function on B cells to sustain germinal center 

reactions (204).  

A recent study found that CD160, an inhibitory receptor, is essential for mediating 

an antiviral response during LCMV Cl 13 infection (224). The authors observed CD160+ 

CD8+ T cells to have a more polyfunctional response than their CD160- counterparts, and 

CD160-deficient virus-specific CD8+ T cells were unable to control the viral infection. This 

may seem in opposition to the suggested inhibitory role of CD160 during T cell exhaustion 

(107). However, it is possible that like other inhibitory mechanisms during exhaustion, 

CD160 may contribute to the exhaustion phenotype but ultimately may be necessary to 

clear viral infection. Further, CD160-expressing cells may represent a subset of exhausted 

CD8+ T cells that have increased effector roles and increased survivability (224). Overall, 

the abrogation of important steps during the exhaustion process appears to cause immune 

disarray and harm to the host. Mechanisms that appear to disadvantage the host may be 

integral in protecting the host from immunopathology. 

I-Aviii. Summary 

 LCMV Cl 13 has been observed to cause drastic immunoregulatory events during 

infection, which functionally impairs the host immune response (Figure 1). These events 

are fascinating considering the similarity of LCMV Cl 13 to its variant strain LCMV Arm, 

which is rapidly cleared upon infection. Many events contribute to instigating T cell 

exhaustion. Increases in inflammatory mediators as a result of high antigen burdens 

mediate changes in innate and adaptive immune cells that set off a change in gene and 
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transcriptional regulatory events. These changes result in the increased expression of 

inhibitory receptors and inhibitory cytokines that further modulate the immune response. 

While these mediators impair the antiviral immune response, they also play a very 

important role in preventing immunopathology. Furthermore, these signals instill changes 

in antiviral T cells that maintain the immune response and also promote eventual 

clearance of the virus. Many of these concepts have been extended to chronic viral 

infections in humans as well as during cancer. Thus, the LCMV Cl 13 model has been a 

very influential contributor to our understanding of the immune response and continues to 

be a useful model for understanding host-virus interactions.  
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Figure 1. A model for the T cell exhaustion phenotype during LCMV infection. The LCMV 

Armstrong 53b (Arm) strain generates a strong CD8+ T cell response, which mediates clearance 

of the virus within 8-10 days following the initiation of infection. However, LCMV clone 13 (Cl 

13), which differs from LCMV Arm by two major amino acid substitutions, does not generate a 

productive CD8+ T cell response and requires CD4+ T cell help. These T cells undergo 

progressive exhaustion, characterized by a loss in functionality and eventual deletion, due to 

high antigen loads, high type I interferon (IFN-I) levels, increased immunosuppressive 

cytokines, and disruption of the lymphoid tissue structure. Furthermore, exhausted T cells 

upregulate inhibitory receptors that further modulate their functions. While this loss of effector T 

cells leads to viral persistence, it may also provide an advantage to the host in preventing 

immunopathology. 
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I-B. The sphingolipid system 

The sphingolipid system represents a complex interaction of several enzymes and 

molecular products that have been shown to dramatically affect many aspects of cellular 

function, including proliferation, apoptosis, and migration (Figure 2) (225). On one end of 

the system, there are the ceramide synthases and a multitude of ceramide products that 

are commonly associated with inducing apoptosis in cells. On the opposite end, there are 

the sphingosine kinases and sphingosine 1-phosphate, which are commonly associated 

with cell survival. While much is unknown regarding the mechanism of sphingolipid 

regulation, it is clear that this system must be precisely controlled for the maintenance of 

cellular homeostasis. This subchapter will focus on the molecule sphingosine 1-phosphate 

and the enzymes that metabolize it, with a specific focus on the role of sphingosine kinase 

2 in cellular processes, viral infection, and the immune response.  

Sphingosine 1-phosphate (S1P) is a bioactive lipid molecule produced by the 

phosphorylation of sphingosine by one of two sphingosine kinases (SphK1/2) (225). S1P 

is further degraded into phosphoethanolamine and hexadecenal by S1P lyase (SPL) or is 

converted back into sphingosine by S1P phosphatases (SGPP) (225, 226). S1P has been 

shown to regulate diverse cellular processes. Intracellularly, S1P promotes the synthesis 

of deoxyribonucleic acid (DNA) and in turn cellular proliferation through the regulation of 

internal calcium stores (227, 228). S1P has also been shown to regulate cellular growth 

and survival (229). Extracellular release of S1P is thought to occur through the ATP 

binding cassette transporters or protein spinster homolog 2 (230–232). The secretion of 

S1P is important as it can signal through one of five G-protein-coupled receptors, the S1P 

receptors (S1PR1-5) (226). Signaling through the S1P receptors has been shown to play 

important roles in angiogenesis, vascular maturation, heart development, and immune 

regulation. While there are a variety of downstream targets, some of the major signaling  
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Figure 2. The sphingolipid metabolic pathway. The main sphingolipid molecules and the key 

enzymes that metabolize these molecules are depicted. Of primary importance are sphingosine 

1-phosphate (S1P), the sphingosine kinases, and S1P lyase.  
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cascades include Ras/Raf/ERK, phospholipase C (PLC), and Jun amino terminal kinase 

(JNK) (225, 226). These signaling pathways are critical to many aspects of cell 

homeostasis (Figure 3). 

 Perhaps one of the most important roles for S1P, especially in the immune 

response, is its role in lymphocyte trafficking. In the early 2000s, the immune modulatory 

drug FTY720 (Fingolimod) was shown to induce lymphopenia by sequestering 

lymphocytes in secondary lymphoid tissues, which implicated S1P as an important player 

in the circulation of lymphocytes (233, 234). FTY720 is a sphingosine analog, which is 

phosphorylated by SphK2 making it capable of binding S1PR (235). In a normally 

functioning immune response, lymphocytes use S1PR to follow an S1P gradient within the 

circulatory system (S1P is high in the circulation and low in tissues) (235–237). Binding of 

FTY720 leads to S1PR downregulation and subsequent retention of lymphocytes in 

lymphoid tissues. Thus, FTY720 has become an important immunomodulatory drug for 

the treatment of inflammatory diseases, such as multiple sclerosis (235). Furthermore, the 

actions of this sphingolipid analog have increased interest in understanding the role of 

sphingolipids and sphingolipid-metabolizing enzymes in the regulation of the immune 

response. 

S1P plays a role in several immune cells, particularly in DCs. S1P functioning 

through S1PR was shown to inhibit DC induction of Th1 CD4+ T cells but promotes 

induction of Th2 functionality (238). However, S1P plays a differential role in DC 

development where it inhibits the secretion of TNFα and IL-12 but promotes the secretion 

of IL-10 in maturing DCs. In addition, S1P was shown to be capable of inducing monocyte 

maturation into DCs that had a deficiency in stimulating CD4+ T cell responses (239). S1P 

signaling in an ERK-involved pathway can affect the secretion of T cell-influencing  
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Figure 3. The roles of sphingosine 1-phosphate. S1P levels are regulated by SphK and SPL. 

The diverse functions of S1P on cell survival and host health are shown. This figure is 

reproduced from Wolf, Studstill, and Hahm, Viruses, 2019; reference 225. 
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cytokines IL-12, IL-23, and IL-27 from DCs (240). S1P and SphK also play a role in DC 

and eosinophil migration to antigen-prevalent areas (241, 242). Aside from its role in B 

cell trafficking, S1PR signaling can promote more effective B cell responses through the 

maintenance of B cell survival in germinal centers (236).  

S1P has a variety of differential effects on T cells. S1P can promote T cell survival 

but may negatively affect T cell proliferation following stimulation with phorbol myristate 

acetate (PMA) and ionomycin (236, 243). S1P may also promote suppressive conditions 

by stimulating Treg generation, which was suggested through the use of FTY720 (244). 

Finally, S1P may affect the functions and trafficking of natural killer T cells (236). Overall, 

S1P and the modulation of S1P signaling have been shown to have significant effects on 

the function of the immune response.  

I-Bi. Sphingosine kinase 1 in viral and immune regulation 

 SphK1 is the first isoform of sphingosine kinase. It is expressed in several tissues 

in humans, including the lung, spleen, thymus, and heart (245). Within the cell, SphK1 is 

mainly isolated to the cytoplasm but can also localize to the plasma membrane (246). As 

a result, SphK1 may be more vital in regulating extracellular levels of S1P. However, there 

is built-in redundancy as the deletion of SphK1 did not have severe effects on the levels 

of systemic S1P indicating that SphK2 can substitute some of the functions of SphK1 (247, 

248). SphK1 is overwhelmingly associated with pro-survival functions within cells due to 

its generation of S1P. Activation of SphK1 has been shown to occur by protein kinase C 

(PKC) following stimulation with PMA or vascular endothelial growth factor (VEGF) (249). 

Furthermore, SphK1 has been found to bind with TNF receptor-associated factor 2 

(TRAF2) downstream of TNF signaling to mediate activation of nuclear factor-kappa B 

(NF-κB) (250). SphK1 can also be regulated downstream of S1PR signaling (246). Thus, 
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SphK1 has important functions in cellular homeostasis as well as cellular signaling events, 

which has made it a target for the study of cancer as well as viral infections.  

 Our lab has discovered that SphK1 may play an important function during measles 

virus (MV) and influenza A virus (IAV) infections. MV was shown to increase the levels of 

SphK1 and activated SphK1 (251). This increase was crucial for MV replication as the 

pan-inhibition of SphK reduced MV production. Furthermore, it was elucidated that SphK 

interaction with NF-κB signaling facilitated better MV replication. A similar case was found 

with IAV, where SphK1 promoted IAV replication through the NF-κB signaling pathway 

(252).  

 Concerning other viruses, SphK1 has been shown to promote the survival of 

respiratory syncytial virus (RSV)-infected cells, which potentially functions in an indirect 

way to promote RSV infection (225, 253). SphK1 may work similarly in liver cells, where 

a hepatitis B virus (HBV) protein, HBx, was shown to increase SphK1 levels, which 

enhanced the growth of hepatoma cells (225, 254). Reduced SphK1 levels were found to 

be important for late-stage bovine viral diarrhea virus (BVDV) replication, and SphK1 

regulation was shown to occur similarly during late-stage Dengue virus type 2 (DENV-2) 

infection (225, 255, 256). Therefore, it appears that viruses may modulate the intracellular 

levels of SphK1 to promote a cellular environment that enhances their replication, 

maintenance, or dissemination.  

 It is difficult to delineate the functioning of SphK1 and its product S1P in cellular 

responses as they are so integrally connected. Nevertheless, there have been a few 

reports on the specific roles of SphK1 in immune regulation. A recent study has identified 

the critical role for SphK1 in plasmacytoid dendritic cell activation and subsequent 

production of IFN-I and other pro-inflammatory cytokines (257). SphK1 has also been 

linked to IFN-I as well as other cytokines during viral infections (258). SphK1 may play a 
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role in the function of mast cells and affect asthma induction, but its role is extrinsic to 

mast cell function through S1P production at distal sources (259, 260).  

I-Bii. Sphingosine kinase 2 in viral and immune regulation [from Ref. (225)] 

The second isoform of sphingosine kinase, SphK2, shares conserved SphK 

domains with and can perform a similar enzymatic reaction to SphK1 (225). Differences 

arise in SphK2’s preference for D-erythro-dihydrosphingosine and the ability to 

phosphorylate D,L-threo-dihydrosphingosine (261). In addition, SphK2 is highly expressed 

in the kidney and liver in humans. SphK2 contains a nuclear localization sequence, 

allowing it to carry out its functions in the nucleus as well as in the cytosol of cells. 

Importantly, SphK2 has been shown to inhibit DNA synthesis upon its localization to the 

nucleus of the cell, which can lead to cell cycle arrest (262). SphK2 can also regulate gene 

expression through its production of S1P in the nucleus to inhibit histone deacetylase 1/2 

(HDAC1/2) activity at certain gene sites (263). This gives the potential for SphK2 to be an 

important player in cellular responses through its regulation of gene expression. 

Localization of SphK2 is further regulated by protein kinase D (PKD). Upon agonist PMA 

stimulation, PKD was shown to phosphorylate SphK2, causing its export from the nucleus 

(264). Additionally, ERK1 was shown to phosphorylate SphK2 in response to EGF and 

phorbol ester (activates PKC), which increased the enzymatic activity of SphK2 (265).  

Further studies investigating the role of SphK2 discovered a pro-apoptotic BH3 

domain, which was implicated in SphK2’s induction of apoptosis through caspase 

activation upon serum deprivation in some cell types (266, 267). SphK2 may also be 

involved in regulating ceramide biosynthesis by playing a role in the increased conversion 

of sphingosine to ceramide, which is highly dependent on SphK2’s location in the cell 

(268). Furthermore, recent studies have identified ABC294640 (ABC) as a selective 

inhibitor of SphK2, which has further been shown to have potent antitumor activity in 
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clinical trials (269, 270). Understanding the role of SphK2 in cells as well as its differences 

from the roles of SphK1 is critical for understanding how cells utilize the sphingolipid 

biosynthesis pathway to respond to stimuli. Regulation of SphK2 may be very important 

in these responses by shuttling SphK2 into and out of the nucleus depending on the needs 

of the cell.  

SphK2 in viral infections  

While little is yet known about the function of SphK2 in intracellular responses to 

viral infection, several studies have concluded that viruses may regulate SphK2 in order 

to disrupt normal cellular processes. Since the sphingolipid biosynthesis pathway is a 

crucial mechanism for controlling cell survival and cell death, SphK2 may represent a 

crucial target for viral pathogens as well as therapeutics in the fight for/against viral 

replication.  

SphK2 has been shown to play a positive role during chikungunya virus infection. 

Chikungunya virus (CHIKV) is a mosquito-borne alphavirus with a positive-sense RNA 

genome (271). In a study by Reid and colleagues, utilization of a small interfering RNA 

against SphK2 decreased the viral RNA copy number of CHIKV in HeLa cells, and ABC 

treatment led to a decrease in CHIKV-infected HepG2 cells (272). Affinity purification-

mass spectrometric analysis revealed an enriched association of SphK2 with host mRNA 

processing and gene expression factors during CHIKV infection. Interestingly, SphK2 was 

shown to localize to distinct punctate structures within the cytoplasm of infected cells. In 

these structures, SphK2 localizes with CHIKV dsRNA during early infection stages, 

leading the authors to suggest a potential role for SphK2 in regulating viral gene 

expression. Finally, SphK2 was shown to be recruited to CHIKV viral replication 

complexes at the plasma membrane, potentially by CHIKV nonstructural protein 3, where 

it also co-localizes with G3BP, a DNA/RNA unwinding enzyme.  
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Another mosquito-borne, positive-sense RNA virus, DENV, has debated 

interactions with SphK2 (273). In vitro studies utilizing an RNA interference screen for 

apoptosis-related genes during DENV infection of Huh7 cells revealed that SphK2 may 

play a role in caspase 3-mediated apoptosis (274). This effect was seen with all four DENV 

serotypes. Specific knockdown of SphK2 or treatment with ABC led to a reduction in 

caspase 9 activity and apoptosis of DENV-infected cells. The authors also note that SphK2 

appears to increase in the cytoplasm of DENV infected liver cells with some co-localization 

with DENV E protein. This could point to a potential mechanism for SphK2’s regulation of 

apoptosis in these cells. However, SphK2 knockdown did not affect DENV replication or 

protein levels. The lack of SphK2’s direct regulation of DENV infection has also been 

shown in HEK293 and HEPG2 cells, where ABC treatment did not affect DENV viral titers 

or DENV RNA replication (275). Furthermore, SphK2-deficient mice did not display 

differences in survival or brain DENV RNA levels compared to WT mice. Based on these 

studies, it does not appear that SphK2 plays a role in the direct replication of DENV. 

However, the initial study does indicate a potential mechanism whereby DENV proteins 

interact with host SphK2 leading to increased apoptosis. Later data indicate that this 

interaction is not crucial for DENV infection; nevertheless, it would be beneficial to look 

further into this host-viral interaction to determine a potential mechanism for DENV-

induced regulation of host liver cell apoptosis via SphK2. Furthermore, SphK2-inhibition 

represents a potential therapeutic for DENV-associated pathology in the liver of infected 

patients.  

 Interestingly, SphK2 has been shown to function differently in response to different 

genotypes of HCV, another positive-sense RNA virus. In one study, use of the SphK 

inhibitor SKI, which the authors state has preferential inhibitory functions against SphK2 

at the concentrations used, led to an increase in the replication of the cell-culture adapted, 
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H77S.3/GLuc and N.2/GLuc HCVs in Huh-7.5 cells (276). H77S.3/GLuc is a genotype 1a 

HCV, while N.2/GLuc is a genotype 1b HCV. However, a chimeric virus, HJ3-5/GLuc, 

which contains the replicase of a genotype 2a HCV, JFH1, was not suppressed by SKI 

treatment. These results were assessed via the activity of the GLuc luciferase, used to 

identify viral replication, as well as analysis of viral protein levels. Targeted deletion of 

SphK2 led to an increase in H77S.3/GLuc and N.2/GLuc viral replication, but little change 

or a slight decrease was seen in HJ3.5/Gluc and JFH1-QL/GLuc viral replication. The 

authors of this study implicate SphK2’s regulation of lipid peroxidation, which has 

previously been shown to negatively affect the replication of genotype 1b HCVs (277, 

278).  

 Since SphK2 has been implicated in the modulation of several forms of cancer, it 

is not surprising that SphK2 has been shown to play a role in latency for the oncogenic 

virus Kaposi’s sarcoma-associated herpesvirus (KSHV). KSHV is a γ-herpesvirus with a 

double-stranded DNA genome, and it is a main cause of human immunodeficiency virus-

associated tumors, including primary effusion lymphoma (PEL), a type of B cell lymphoma. 

In a group of studies, treatment of KSHV-infected, patient-derived PEL cell lines with ABC 

led to increased apoptosis in in vitro and in vivo experiments (279). Apoptosis was not 

seen in KSHV-negative B cell lymphomas following ABC treatment. In subsequent studies 

utilizing primary human endothelial cell lines, SphK2 was shown to play a positive role in 

NF-κB activation, which is known to promote KSHV latency (280–282). One of the most 

interesting aspects of this study was the finding that SphK2 negatively regulates the 

expression of several KSHV lytic genes by increasing the levels of certain viral miRNAs, 

which target KSHV lytic genes promoting viral latency. Thus, inhibition of SphK2 led to 

increased death of KSHV-infected cells. While the data suggest that S1P production by 
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SphK2 is crucial for regulation of viral RNAs, a direct mechanism by which SphK2 can 

regulate viral gene expression remains to be confirmed.  

SphK2 in the immune response 

 SphK2 has been reported to function in several immune cells, but the exact 

function of Sphk2 in the immune response is often unclear. SphK2 was shown to have an 

important function in mast cells and may exacerbate inflammatory diseases, such as 

asthma (259, 260). Recently, SphK2 expression in monocyte-derived CD11b+ alveolar 

macrophages has been shown to promote anti-inflammatory regulation following lung 

injury (283). This was in line with a previous study that showed the use of ABC in human 

macrophages led to increased inflammatory cytokine production (284). However, the role 

of SphK2 in other inflammatory conditions has been controversial (285). SphK2 has been 

posited to have a pro-inflammatory role, such as in one study that showed SphK2-deficient 

mice were protected from kidney fibrosis following induced injury (286). Other studies have 

indicated that SphK2-deficient mice are protected from experimental autoimmune 

encephalomyelitis (EAE) and treatment with ABC relieves inflammatory bowel disease 

(IBD) and arthritis (287, 288).  

 SphK2 has also been shown to have a function in CD4+ T cells. In one study, 

SphK2-/- CD4+ T cells were shown to be hyperactivated in an IBD model and in response 

to IL-2 (289). In addition, SphK2 associates with the IL-12 receptor beta1 subunit, which 

is important in Th1 differentiation (290). In this study, SphK2 association promoted IL-12 

signaling and IFN production. Both SphK1 and SphK2 are postulated to be involved in 

the functioning of Th17 cells because SphK inhibition impaired expression of IL-17, which 

plays an important role in chronic inflammatory diseases (291). There have also been 

previous studies with SphK2 and its role in Th17 cells (285).  
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I-Biii. Sphingosine 1-phosphate lyase in viral and immune regulation 

 As noted previously, SPL mediates the degradation of S1P. Therefore, SPL has 

been implicated in an opposing role to the pro-survival actions of S1P (225). However, 

SPL also has a very important role in lymphocyte trafficking. Inhibition of SPL led to 

lymphopenia due to an increase of S1P in lymphoid organs, which implicates SPL as a 

critical regulator of the S1P gradient (292). SPL deficiency also greatly impacts thymocyte 

development and egress of lymphocytes from the thymus primarily due to the expression 

of SPL in thymic DCs (293–295). SPL has important roles in other areas of tissue 

development as well. For example, SPL-deficiency in mice leads to death within a month 

of birth (294). In humans, SPL is found in many tissues, and within cells it mainly localizes 

to the endoplasmic reticulum. Interestingly, SPL-associated mutations in humans have 

recently been linked to steroid-resistant nephrotic syndrome (296, 297). In addition to 

adrenal insufficiency, these patients exhibit immunodeficiency and neurological defects.  

 In the context of viral infections, overexpression of SPL was shown to inhibit IAV 

replication and reduce virus-induced cell death (298). This occurred through an ERK-

signal transducer and activator of transcription 1 (STAT1)-mediated pathway. A later study 

elucidated that SPL acts to enhance IFN-I production following IAV infection by interacting 

with nuclear factor I-kappa-B kinase subunit epsilon (IKKε), which is crucial for the 

production of IFN-I (299). This appeared to occur independently of the biochemical activity 

of SPL. Nevertheless, the role of SPL in other viral infections is poorly studied.  
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I-C. Influenza A virus and the host intracellular immune response 

 IAV is a multisegmented, negative-sense, single-stranded RNA virus in the 

Orthomyxoviridae family (300). Importantly, IAV is known for its role in seasonal viral 

influenza outbreaks, and IAV has been a useful model for the study of host-viral 

interactions. Influenza A viruses are important research targets due to their high 

mutational and reassortment rates through antigenic drift and antigenic shift, which make 

them volatile candidates for new pandemics (301).  

 Initial infection with IAV triggers the host antiviral defense (Figure 4). Pathogen 

associated molecular patterns (PAMPs) from the virus are recognized by host pattern 

recognition receptors (PRRs) (302). For IAV, viral RNA triggers the PRR, retinoic acid-

inducible gene-I protein (RIG-I), in the host cell (302, 303). Upon activation, RIG-I is 

modified by other proteins, including TRIM-containing protein 25 (TRIM25), which allows 

it to associate with mitochondrial antiviral-signaling protein (MAVS). As its name suggests, 

MAVS is located proximal to the mitochondrial membrane to facilitate downstream 

signaling. This occurs through a host of molecules, including TRAF3/6, IKKε, TANK-

binding kinase 1 (TBK1), and interferon-regulatory factors 3 and 7 (IRF3/7), and NF-κB, 

which translocate to the nucleus and mediate production of type I interferons (302, 304). 

Signaling can also occur through toll-like receptor 3 and 7 (TLR3/7)-mediated pathways 

that involve the signaling proteins TIR-domain containing adapter-inducing interferon-β 

(TRIF) and myeloid differentiation primary response 88 (MyD88). IFN-I is released from 

the cell and acts in an autocrine and paracrine manner through binding of the IFNAR 

expressed on the surface of almost every cell. IFNAR signals through the Janus kinases 

(JAK)/STAT pathway to mediate the production of a wide array of interferon stimulated 

genes (ISGs). ISGs play a significant role in mediating the antiviral response by activating  
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Figure 4. The type I interferon signaling pathway. The main pattern recognition receptors 

and signaling proteins following recognition of influenza A virus RNA are depicted. These result 

in the production of the type I IFNs, IFN-α and IFN-β, which are secreted by the cell. IFN-I are 

then recognized by the IFN-I receptor (IFNAR), which signals through the JAK/STAT pathway 

to promote the production of interferon stimulated genes (ISGs) at interferon-sensitive response 

elements (ISRE). SPL has been shown to interact with IKKε to promote production of IFN-I. 
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pathways that shut down cellular cycling in infected cells, promote the death of infected 

cells, and prevent the infection of adjacent cells.  

 Nevertheless, IAV proteins have been found to antagonize portions of the antiviral 

response. For example, hemagglutinin (HA) is the IAV protein responsible for binding to 

target cells via sialic acid and mediating viral entry into the cell. Our lab has discovered 

that IAV HA can trigger the ubiquitination of IFNAR through the host protein poly(ADP-

ribose) polymerase 1 (PARP1), which severely impairs IFN-I signaling (305). Additionally, 

IAV non-structural protein 1 (NS1) has been shown to disrupt RIG-I signaling by inhibiting 

the actions of TRIM25 (306). NS1 can also disrupt NF-κB signaling and JAK/STAT 

signaling to disrupt a successful antiviral response (307–309). Another IAV protein, PB1-

F2, was shown to co-localize with MAVS to attenuate antiviral signaling, and IAV PB2, a 

part of the viral polymerase, can inhibit IFN-β production (310, 311). Finally, IAV matrix 2 

(M2) protein can interfere with cellular autophagy by inducing the redistribution of the 

autophagy protein LC3, which simultaneously can promote viral transmission (312). 

Overall, these studies show the intricate interplay between IAV and host cellular antiviral 

response during IAV infection.  
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Chapter II. SphK2 functions to limit immune responses during LCMV Cl 13 

infection, which promotes viral persistence but prevents immunopathology 

 

II-A. Abstract 

Chronic viral infections are often established by the exploitation of immune 

regulatory mechanisms that result in non-functional T cell responses. Viruses that 

establish persistent infections remain a serious threat to human health. Sphingosine 

kinase (SphK) 2 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 Cl 13) infection to limit 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 and neutrophil-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. 
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II-B. 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 (313, 314). 

Particularly, the loss of both CD4+ and CD8+ T cell functionalities, including T cell 

proliferation and antiviral cytokine production, is observed during persistent viral infections 

(63, 71, 315). The infection of mice with lymphocytic choriomeningitis virus (LCMV) is a 

useful model for the mechanistic study of viral immune regulation as well as for the 

identification of cellular 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 (27, 30). Infection of mice with the prototypic 

strain of LCMV, Armstrong 53b (Arm), induces a rigorous CD8+ T cell response that rapidly 

eradicates the virus from its host. In contrast, the Clone 13 (Cl 13) strain of LCMV intensely 

suppresses the host’s immune system, leading to viral persistence lasting over 60 days 

post infection (49, 102, 316). 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 (63, 95). 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 (71, 72, 144, 145, 148, 149, 179, 317, 318). Also, CD4+ T 

cell help is critical for maintaining the functionality of virus-specific CD8+ T cells during a 

persistent viral infection. Elimination of CD4+ T cells leads to an increase in the number of 

exhausted CD8+ T cells, which results in impaired control of LCMV Cl 13 infection (54, 63, 

87). Loss of CD4+ T cell responses was also shown to be associated with the exhausted 

CD8+ T cell phenotype during HIV and HCV infections (319, 320). Nevertheless, the 

detailed mechanism by which viruses control host T cell immunity to sustain viral 

persistence is incompletely understood. 
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Sphingolipids are bioactive lipid molecules that are composed of a serine head 

group with one or two 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 (321–323). S1P is generated from sphingosine by 

sphingosine kinase (SphK). The two isoforms of SphK, SphK1 and SphK2, share the same 

enzymatic function to generate bioactive S1P. However, these enzymes are encoded by 

two different genes, have distinct subcellular localizations, and appear to exhibit 

differential biological activities, including immune modulation (263, 289, 290, 324–326). 

SphK1, which mainly localizes to the plasma membrane and cytosol, is known to play a 

key role in the replication process of viruses, including influenza virus (252, 298), measles 

virus (251), and human cytomegalovirus (hCMV) (327). SphK2, which localizes to the 

nucleus and cytoplasm, depending on cellular conditions, was reported to regulate cellular 

gene expression during chikungunya virus (CHIKV) infection, and maintain viral latency 

for Kaposi’s sarcoma-associated herpesvirus (KHSV) (272, 280). Furthermore, we 

recently showed that transient inhibition of SphK1 or SphK2 promotes the control of 

influenza A virus (IAV) infection in mice, and that both enzymes constitute pro-viral factors 

during IAV infection (328). SphK1 and SphK2 have also been implicated in the functioning 

of human T helper 17 (Th17) cells via promotion of IL-17 expression (291). 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 Cl 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 
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Cl 13 infection, which subsequently suppressed CD8+ T cell responses. Importantly, oral 

administration of an SphK2-selective inhibitor promoted the termination of viral 

persistence. The results indicate that SphK2 displays 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.  

 

II-C. 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 investigate this, we infected SphK1-deficient (Sphk1-/-), 

SphK2-deficient (Sphk2-/-), or C57BL/6 wild type (WT) mice with LCMV Cl 13. 

Unexpectedly, we observed that Sphk2-/- mice displayed severe morbidity, including 

lethargy, within one to two weeks of infection. All Sphk2-/- mice succumbed to the virus by 

20 days post infection (dpi) (Figure 5A). In contrast, Sphk1-/- mice, as well as WT mice, 

survived Cl 13 infection (Figure 5A). Sphk1-/- mice also did not have differences in LCMV 

Cl 13 serum titers from WT as far as 35 days after infection (data not shown). These 

results suggest that SphK1 and SphK2 display distinctly differential functions during LCMV 

Cl 13 infection.  

While infection of mice with 2x106 plaque forming units (PFU) of LCMV Cl 13 has 

been well established in this persistent virus infection model without causing immune 

pathology, infection with 4x105 PFU of LCMV Cl 13 has been shown to cause lethality in 

~ 30% of infected mice (216). Therefore, we tested if the mortality of infected Sphk2-/- mice 

is altered by the viral dose. For this purpose, Sphk2-/- mice were infected with LCMV Cl 13  
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Figure 5. SphK2-deficient mice, 

but not SphK1-deficient mice, 

succumb to LCMV Cl 13 infection. 

(A) WT (■), Sphk1-/- (▲), and Sphk2-

/- (●) mice were infected with LCMV 

Cl 13 and monitored for survival (n = 

4-5 mice/group). (B) WT mice were 

infected with 2x106 PFU LCMV Cl 13 

(■), and Sphk2-/- mice were infected 

with 4x105 (▼), 1x106 (♦), or 4x106 

(□) PFU LCMV Cl 13 (n = 4-5 

mice/group). Survival was monitored 

for 30 days. (C) Survival of Sphk2-/- 

mice was assessed following LCMV 

Cl 13 (▲) or Arm (●) infection (n = 5 

mice/group).  
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at 4 x 105, 1 x 106, or 4 x 106 PFU. All infected Sphk2-/- mice at these doses died in a 

similar manner (Figure 5B), suggesting that the observed lethal phenotype is not 

dependent on differences in viral titer in this model of chronic viral infection.  

The Clone 13 strain of LCMV was derived from the Armstrong 53b (Arm) strain of 

LCMV. LCMV Arm establishes an acute infection and is cleared within 10 days of infection 

(49). Since LCMV Arm has the same antigenic 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, Sphk2-/- mice were infected with 2x106 PFU of LCMV 

Arm. While Sphk2-/- mice again succumbed to infection with LCMV Cl 13, no mortality was 

observed when the mice were infected with LCMV Arm (Figure 5C). This result indicates 

that the mortality observed in Sphk2-/- mice is LCMV strain dependent and associated with 

the systemic, persistent LCMV Cl 13 infection. 

Furthermore, it is a possibility 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 (Figure 6A). Further, 

Sphk2+/- mice exhibited a similar weight change pattern to WT mice, while Sphk2-/- mice 

displayed increased fluid retention, which correlated with an increase in weight in the mice 

shortly before death (Figure 6B). 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.  
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Figure 6. SphK2-heterozygous mice do not experience mortality. Groups of WT (●) (n = 5), 

Sphk2
+/- 

(■) (n = 8), and Sphk2
-/-

 (▲) (n = 7) mice were infected with LCMV Cl 13 at 2 x 10
6
 

PFU. For 30 days following LCMV Cl 13 infection, the percent survival (A) and percent weight 

change (B) were compared between the three mice groups. ****p≤0.0001, Mantel-Cox Logrank 

test. 



 
57 

SphK2 deficiency induces T cell-mediated immunopathology upon LCMV Cl 13 

infection  

The significant morbidity and mortality of the Sphk2-/- mice were observed only 

after the first week of infection (Figure 5A) This suggests that the adaptive immune 

response may directly contribute to the pathogenic consequence of LCMV Cl 13 infection 

in these mice. Indeed, LCMV Cl 13 infection-induced mortality was reported to be 

associated with the dysfunction of virus-specific CD8+ T cells (219, 221). Thus, we 

analyzed virus-specific CD8+ T cell responses in WT and Sphk2-/- mice upon LCMV Cl 13 

infection. To analyze virus-specific CD8+ T cells, we used an LCMV immunodominant 

epitope GP33-41-specific, fluorochrome-labeled, MHC-I-restricted tetramer (GP33 Tet+) as 

well as re-stimulation of cells with GP33-41 peptide (GP33/CD8+). SphK2 deficiency 

substantially increased the generation of GP33 Tet+ CD8+ T cells at 8dpi (Figure 7A). 

Simultaneously, IFN-producing GP33/CD8+ T cells were found to increase in the spleen 

of Sphk2-/- mice at 7dpi (Figure 7B). This was also observed with CD8+ T cells specific to 

other LCMV epitopes, GP276 and NP396 (see Studstill, et al. 2020). These responses 

were even evident at 5dpi, where there were increases in the portions of GP33 Tet+ CD8+ 

T cells (Figure 7C), granzyme B-producing GP33 Tet+ CD8+ (Figure 7D), and IFN-

producing GP33/CD8+ T cells (Figure 7E).  

The product of the SphK enzymatic reaction, S1P, affects lymphocyte trafficking 

to lymphoid organs (329). Therefore, we assessed whether the observed phenotype was 

due to a disruption of virus-specific T cell trafficking in Sphk2-/- mice by analyzing virus-

specific CD8+ responses in a non-lymphoid organ. Similar 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 to WT mice (Figure 7F). This result suggests that no significant  
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disturbance of CD8+ T cell trafficking occurred due to the absence of SphK2 during LCMV 

Cl 13 infection.  

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 following infection. In order to test this, CD8+ T cells were depleted 

prior to LCMV Cl 13 infection. Depletion of CD8+ T cells rescued Sphk2-/- mice from LCMV 

infection-induced mortality (Figure 7G). 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 (54, 87). Thus, we assessed whether CD4+ T cell 

responses contribute to the mortality of Sphk2-/- mice upon LCMV Cl 13 infection. Sphk2-

/- mice had significantly more LCMV GP66-77 (GP66) epitope-specific CD4+ T cells 

compared to WT mice, which was determined by utilizing a fluorochrome-labeled GP66 

tetramer (GP66 Tet+) at 8dpi (Figure 8A). CD4+ T cells expressing IFN or IL-2, which were 

measured by ex vivo stimulation with LCMV GP61-80 (GP61) peptide (GP61/CD4+),  

Figure 7. Deletion of SphK2 causes lethal CD8+ T cell-mediated immunopathology upon 

LCMV Cl 13 infection. (A) WT or Sphk2-/- mice (n = 5 mice/group) were infected with LCMV Cl 

13. The total number of LCMV GP33 (GP33-41) tetramer+ CD8+ T cells in the spleen were 

analyzed 8dpi by flow cytometry. (B) WT or Sphk2-/- mice (n = 3 mice/group) were infected with 

LCMV Cl 13. At 7dpi, splenocytes were stimulated with GP33 peptide and the number of IFN-

producing CD8+ T cells was determined by flow cytometry. (C-E) WT or Sphk2-/- mice (n = 6 

mice/group) were infected with LCMV Cl 13 and analyzed 5dpi for the percentage of GP33 Tet+ 

CD8+ T cells (C). The splenocytes from these mice were also stimulated with GP33 peptide and 

analyzed for the percent of GP33 Tet+ cells expressing granzyme B (D) and total CD8+ T cells 

expressing IFN (E). (F) Frequency of GP33 Tet+ CD8+ T cells was determined out of the total 

CD8+ populations in the livers of LCMV Cl 13 infected mice at 7dpi (n = 3-4 mice/group). (G) 

Survival curve of Sphk2-/- mice (n = 4-5 mice/group) after depletion (αCD8 + LCMV Cl 13) or 

no-depletion (LCMV Cl 13) of CD8+ T cells is shown. ****p≤0.0001, **p≤0.01, *p≤0.05, 

bidirectional, unpaired Student’s t-test. Data are representative of 2-3 independent experiments.  
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Figure 8. CD4+ T cell responses against LCMV Cl 13 are required for SphK2 deficiency-

mediated mortality. (A-B) WT or Sphk2-/- mice (n = 5 mice/group) were infected i.v. with 2x106 

PFU LCMV Cl 13. At 8dpi, the number of LCMV GP66 (GP66-77) tetramer+ CD4+ T cells (A) and 

the number of IFN+ GP61 (GP61-80)-specific CD4+ T cells (B) were analyzed. (C-E) WT or 

Sphk2-/- mice (n = 3-4 mice/group) were infected with LCMV Cl 13. The number of IL-2+ GP61-

specific CD4+ T cells (C), and the number of Ki67+ CD4+ T cells (D) in the spleen were assessed 

at 7dpi by flow cytometry. (E) The percent of GP66 tetramer+ CD4+ T cells in the livers were 

also assessed at 7dpi. (F) Survival rate of Sphk2-/- mice after depletion (αCD4 + LCMV Cl 13) 

or no-depletion (LCMV Cl 13) of CD4+ T cells (n = 5 mice/group) is depicted. **p≤0.01, *p≤0.05, 

bidirectional, unpaired Student’s t-test. Data are representative of 2-3 independent experiments. 
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significantly increased in the absence of SphK2 following LCMV Cl 13 infection (Figure 8B 

and 8C). Also, a higher number of CD4+ T cells were undergoing active proliferation 

(Ki67+) in Sphk2-/- mice compared to WT mice upon LCMV Cl 13 infection (Figure 8D). 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-/- mice (Figure 8E). 

These data indicate that SphK2 deficiency also results in enhanced CD4+ T cell responses 

following LCMV Cl 13 infection. 

LCMV Cl 13 infection was previously reported to eliminate activated CD4+ T cells, 

which affects CD8+ T cell function, leading to viral persistence (63, 90). However, failure 

to eliminate activated CD4+ T cells could have a deleterious impact on the host during an 

inflammatory response. Since Sphk2-/- 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 prior to LCMV Cl 13 infection. Depletion of CD4+ T cells also 

rescued Sphk2-/- mice from infection-induced lethality (Figure 8F). Of note, Sphk2-/- mice 

generated stronger CD4+ T cell responses to LCMV Arm than the WT controls (Figure 9A 

and 9B), while similar CD8+ T cell responses to Arm were observed (Figure 9C and 9D). 

This suggests 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 Sphk2-/- mice. However, despite the increased T cell 

immunity, viral titers did not significantly decrease in the spleen of Sphk2-/- mice at 7dpi 

(see Studstill, et al. 2020). This suggests that SphK2 deficient mice became moribund  
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Figure 9. SphK2 deficiency affects CD4
+
 but not CD8

+
 T cell responses to LCMV Arm 

infection. Groups of WT and Sphk2
-/-

 mice (n = 5 mice per group) were infected with LCMV 

Arm. At 7dpi IFN
+
 GP61/CD4

+
 (Frequency, A; Number, B) and IFN

+
 GP33/CD8

+
 

(Frequency, C; Number, D) T cells were determined in the spleens of infected mice by 

intracellular cytokine staining. ***p≤0.001, **p≤0.01, *p≤0.05, n.s. not significant, one-way 

ANOVA with Tukey’s post-hoc test. 
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from the immune pathology soon after infection, yet the systemic spread of LCMV Cl 13 

was not prevented. 

During LCMV Cl 13 infection, IL-10-producing Th1 CD4+ T cells have been 

reported to increase (90, 144). As IL-10 is an immunosuppressive cytokine, this can have 

negative effects on the antiviral T cell response (143). To determine whether IL-10 

producing CD4+ T cells were decreased in Sphk2-/- mice during LCMV Cl 13 infection, we 

measured the amount of GP61-responsive CD4+ T cells from the spleens of infected WT 

and Sphk2-/- mice at 7dpi. We observed no significant change in the percent of IL-10+ 

GP61/CD4+ T cells (Figure 10A). Conversely, IL-21-producing CD4+ T cells, which are 

vital for promoting an antiviral CD8+ T cell response, decrease during LCMV Cl 13 infection 

(191–193). Therefore, we also analyzed the proportion of IL-21+ GP61/CD4+ T cells at 

7dpi but found no change between WT and Sphk2-/- mice (Figure 10B). Since we observed 

an increased CD4+ T cell response in Sphk2-/- mice (Figure 8), we hypothesized that these 

cells could promote a decrease in the proportions of LCMV-specific CD8+ T cells 

expressing inhibitory receptors. However, our preliminary results did not indicate a 

reduction in PD-1+ or Tim-3+ virus-specific CD8+ T cells in Sphk2-/- mice at 8 or 10dpi (data 

not shown). Instead, these populations appeared to increase compared to WT mice in 

concordance with a general increase in antiviral T cells. These preliminary results indicate 

that some populations of immunoregulatory CD4+ T cells do not change in Sphk2-/- mice 

and inhibitory receptors may not decrease at earlier time points following LCMV Cl 13 

infection.  
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Figure 10. Sphk2-/- mice do not have differing levels of IL-10 or IL-21-expressing 

virus-specific CD4+ T cells. WT or Sphk2-/- mice (n = 4 mice/group) were infected i.v. 

with 2x106 PFU LCMV Cl 13. At 7dpi, splenocytes were stimulated with GP61 peptide, 

and the percentage of IL-10 (A) and IL-21 (B) expressing cells were measured. n.s. not 

significant, bidirectional Student’s t-test. 
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SphK2-deficient mice display severe kidney damage following LCMV Cl 13, which 

correlates with increased immune cell infiltration in the kidneys 

LCMV is normally a non-cytopathic virus, which raised the question of why SphK2-

deficient mice died following LCMV Cl 13 infection. To address this, Sphk2-/- mice were 

infected with LCMV Cl 13 and euthanized prior to death. Tissue samples were then 

processed for histologic assays. The analyses using H&E (Figure 11A) and Periodic Acid-

Schiff (PAS) (Figure 11B) staining indicated increased immune cell infiltration into the 

kidneys, glomerulomegaly, 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 11). 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, 

Sphk2-/- mice showed an increase in fluid retention in the peritoneal cavity as a sign of 

ascites as well as visible discoloration of the kidneys. Furthermore, biochemical analysis 

of the serum from infected Sphk2-/- mice taken prior to death showed a decrease in total 

protein (Figure 12A) and albumin (Figure 12B), and an increase in blood urea nitrogen 

(BUN) (Figure 12C) compared to infected WT mice. In addition, changes in sodium, 

chloride, and potassium (Figure 12D-F) suggest an electrolyte imbalance and secondary 

hyperaldosteronism 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 syndrome (330, 331). However, Sphk2-/- mice did not 

have significantly different levels of globulin, glucose, and alanine aminotransferase 

(Figure 12G-I), which suggests that liver function is intact and not the cause of ascites. 

Additionally, an Evans Blue (EB) assay was performed to assess vascular permeability in 

these mice. While Sphk2-/- mice had increased vascular leakage in the kidney (Figure  
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Figure 11. Sphk2-/- mice experience kidney pathology following infection with 

LCMV Cl 13. (A) Sphk2-/- mice were uninfected (n = 3) or infected with LCMV Cl 13 (n 

= 8). At 18dpi, the mice were sacrificed for histological analysis. The kidneys from 

uninfected or infected Sphk2-/- mice were stained with Hematoxylin & Eosin (H&E) 

(bars, 500μm). (B) WT and Sphk2-/- mice were uninfected (n = 3) or infected with LCMV 

Cl 13 (n = 8), and at 18dpi, kidneys were stained with Periodic acid-Schiff (PAS). (bars, 

50μm).  
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Figure 12. Analysis of serum chemical profile reveals changes in Sphk2-/- mice 

associated with kidney disease. WT and Sphk2
-/-

 mice were infected with LCMV Cl 13 (n = 

3-5 mice/group). At 15-17dpi, when Sphk2
-/-

 mice developed severe morbidity, serum was used 

for biochemistry profile analysis of total protein (A), albumin (B), blood urea nitrogen (C), sodium 

(D), chloride (E), potassium (F), globulin (G), glucose (H), and alanine aminotransferase (ALT) 

(I) levels. ***p≤0.001, **p≤0.01, *p≤0.05, n.s. not significant, bidirectional, unpaired Student’s t-

test.  
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Figure 13. Evans Blue assay reveals kidney damage but not systemic vasculature 

damage. WT and Sphk2
-/-

 (n = 5-6 mice/group) mice were infected with LCMV Cl 13. At 14dpi, 

mice were administered Evans Blue (EB) dye i.v., and EB levels were measured in kidney (A) 

and lung (B) tissues. At 14dpi, the wet/dry (WD) weight ratio for lung tissue was assessed (C). 

*p≤0.05, n.s. not significant, bidirectional, unpaired Student’s t-test. Data are representative of 

2-3 independent experiments.  
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13A), this was not observed in the lungs (Figure 13B). Furthermore, no change occurred 

in the ratio of wet/dry weight for the lungs (pulmonary edema) of Sphk2-/- mice when 

compared to WT mice (Figure 13C), 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 

difference was noted between LCMV-infected WT and Sphk2-/- mice for these tissues in 

histologic analysis (data not shown). Altogether, our results strongly suggest that Sphk2-/- 

mice succumb to LCMV Cl 13 infection due to kidney failure from glomerulonephritis.  

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 percent and number of both 

GP66 Tet+ CD4+ T cells and GP33 Tet+ CD8+ T cells (Figure 14A and 14B). However, we 

observed a decrease in the percent of B220+ cells with no change in number (Figure 14C). 

Furthermore, there was a significant increase in neutrophils (Ly6G+Ly6C+ cells) (Figure 

14D). There was an increase in the number but not percent of CD11b+ cells, while we 

observed no altered population of CD11c+ cells (Figure 14E and 14F). Therefore, multiple 

immune cells, such as CD4+ and CD8+ T cells and neutrophils, infiltrate into kidneys, which 

may greatly contribute to the observed nephritis in Sphk2-/- mice.  

 

The expression of SphK2 in CD4+ T cells, but not in CD8+ T cells, is necessary for 

the inhibition of T cell expansion following LCMV Cl 13 infection  

Our data show that SphK2 modulates both CD4+ and CD8+ T cell expansion and 

activity during LCMV Cl 13 infection. We next sought to determine whether the 

suppressive functions of SphK2 on T cell responses during LCMV Cl 13 infection 

originated from an intrinsic, cellular role, or an extrinsic, distal source. To this end, we  
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Figure 14. Virus-specific T cells and neutrophils infiltrate the kidneys of Sphk2
-/-

 mice 

following LCMV Cl 13 infection. (A-F) WT and Sphk2
-/-

 mice (n = 4-5 mice per group) were 

infected with 2x10
6
 PFU LCMV Cl 13. At 8dpi, mice were sacrificed, and kidneys were analyzed 

for immune cell infiltration via flow cytometry. The percent and number of LCMV GP66 (GP
66-

77
) tetramer

+
 CD4

+
 T cells (A), LCMV GP33 (GP

33-41
) tetramer

+
 CD8

+
 T cells (B), B220

+
 cells 

(C), neutrophils [Ly6G(1A8)
+
 Ly6C

+
 cells] (D), CD11b

+
 cells (E), and CD11c

+
 cells (F) are 

shown. *p≤0.05, n.s. not significant, bidirectional, unpaired Student’s t-test.  
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generated SphK2-deficient, GP33 or GP61-specific T cell receptor (TCR) transgenic (tg) 

mice. First, SphK2-sufficient (Sphk2+/+) or Sphk2-/-, Thy1.1+ GP33/CD8+ T cells were 

adoptively transferred into WT mice (Figure 15A), which were subsequently infected with 

LCMV Cl 13. At 8dpi, the expansion of the adoptively transferred GP33-specific CD8+ T 

cells was assessed based on their Thy1.1 congenic marker. This adoptive transfer system 

allows us to monitor the specific effects SphK2-deficiency has on CD8+ T cells in the 

absence of external SphK2-deficient factors, such as SphK2-deficient innate cells. Sphk2-

/- CD8+ T cells did not accumulate to a higher level than Sphk2+/+ CD8+ T cells upon LCMV 

Cl 13 infection (Figure 15B). This indicates that SphK2 functions as an extrinsic factor in 

the suppression of CD8+ T cell responses.  

Subsequently, we examined the intrinsic or extrinsic role of SphK2 in the enhanced 

CD4+ T cell responses. Unlike CD8+ T cells, when Sphk2+/+ or Sphk2-/- CD45.1+ 

GP61/CD4+ T cells were adoptively transferred into WT mice followed by infection with 

LCMV Cl 13 (Figure 15C), LCMV-specific, Sphk2-/- CD4+ T cells expanded significantly 

more than Sphk2+/+ CD4+ T cells (Figure 15D and 15E). This indicates that SphK2 

functions in a CD4+ T cell-intrinsic manner to negatively regulate CD4+ T cell expansion 

upon infection.  

To support the previous observations, we performed another set of adoptive 

transfer experiment: Sphk2+/+ Thy1.1+ 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 (Figure 15F). Conversely, when Sphk2+/+ GP61-specific CD4+ T 

cells were adoptively transferred into WT or Sphk2-/- mice the Sphk2+/+ CD4+ T cells did  
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not expand differentially in either condition (Figure 15G). These confirm the CD4+ T cell-

inherent, suppressive function of SphK2  

 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. Bone marrow-derived dendritic cells 

(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. Sphk2-/- CD4+ T cells proliferated at a higher rate than Sphk2+/+ CD4+ T 

cells (Figure 16). 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 (Figure 16). Thus, these data indicate that 

SphK2 intrinsically suppresses CD4+ T cell proliferation. 

Figure 15. 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-B) SphK2-sufficient or deficient 

Thy1.1+ GP33/CD8+ T cells were adoptively transferred to WT mice which were subsequently 

infected with LCMV Cl 13 (n = 4 mice/group). (B) At 8dpi, 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 8dpi the expansion of transferred CD45.1+ CD4+ cells (D and E) were 

assessed in the spleen. (F) 1x10
4
 Sphk2

+/+
 Thy1.1

+
 GP33/CD8

+
 T cells were transferred into 

WT or Sphk2
-/- 

mice (n = 3 mice/group). Mice were infected with 2x10
6
 PFU LCMV Cl 13 one 

day later. 7dpi, the transferred cells were re-stimulated and analyzed for the percentage of 

IFN/TNFα-double positive CD8
+
 T cells via flow cytometric analysis. (G) 1x10

4
 Sphk2

+/+
 

CD45.1
+
 GP61/CD4

+
 T cells were transferred into WT or Sphk2

-/-
 mice (n = 3-4 mice/group). 

Mice were infected and 7dpi, transferred cells were analyzed for the percentage of CD45.1
+
 

cells out of total CD4
+
 T cells by flow cytometric analysis. ***p≤0.001, **p≤0.01, *p≤0.05, n.s. 

not significant, one-way ANOVA with Tukey’s post-hoc test (B and E), bidirectional, Student’s 

t-test (F and G). Data are representative of 2-3 independent experiments. 
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Figure 16. SphK2-deficient CD4+ T cells proliferate better in response to antigenic 

stimulation than SphK2-sufficient cells. Sphk2+/+ (upper panel; open histogram) or 

Sphk2-/- (lower panel; filled histogram) GP61-specific CD4+ T cells labeled with CFSE 

were incubated with LCMV Cl 13-infected or loxoribine/GP61-treated (0.5mM and 

1μg/mL, respectively; 1 hour prior to co-culture) BM-DCs. 5 days after co-culture, the 

CFSE dilution level was measured by flow cytometry analysis. Dotted lines are CFSE-

stained T cells measured at day 0.  
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The findings led us to hypothesize that SphK2 regulation is occurring 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 levels of SphK2 appear to 

increase in total splenocytes at 8dpi in Cl 13 or Arm-infected mice compared to those from 

uninfected mice (Figure 17A). Importantly, the activation of SphK2 was also increased in 

CD4+ T cells upon LCMV Arm or Cl 13 infection (Figure 17B). An increase in the overall 

SphK2 levels was also observed in splenocytes and CD4+ T cells following LCMV infection 

(see Studstill et al. 2020). The increased SphK2 phosphorylation following Arm infection 

may explain the increased CD4+ T cell response detected in Arm-infected, SphK2-

deficient mice (Figure 9A-B). These data indicate that SphK2 is activated in CD4+ T cells 

during viral infection, supporting a regulatory role for SphK2 in 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 responses to viral infection (63, 319), 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 Sphk2+/+ CD8+ T cells (Figure 18A). Indeed, Sphk2-/- CD4+ 

T cells increased endogenous GP33/CD8+ T cell responses compared to Sphk2+/+ CD4+ 

T cells, which was determined by enhanced effector functions in the secretion of IFN, 

TNFα, and granzyme B (Figures 18B-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 proliferation and function of these T cells. In turn, these 

suppressed CD4+ T cells cannot stimulate a strong CD8+ T cell response.  
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Figure 17. SphK2 is increased in virus-specific CD4+ T cells following infection. 

Western blot analysis of SphK2 phosphorylation in splenocytes (A) and purified CD4+ 

T cells (B) from uninfected, LCMV Arm-infected, or LCMV Cl 13-infected mice (n = 3-4 

mice/group) at 8dpi. Densitometric analysis is represented as the relative expression to 

the uninfected group, and GAPDH served as an internal control in each group. *p≤0.05, 

one-way ANOVA with Dunnett’s test. ####p≤0.0001, bidirectional, unpaired Student’s t-

test. Data are representative of 2-3 independent experiments. 
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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 (Figure 5-18). These results led us to theorize that transient inhibition of 

SphK2 may improve protective T cell immunity enough to terminate viral persistence, 

without inducing significant immunopathology. To test this hypothesis, ABC294640 

(iSphK2), a potent, well-characterized, orally-administrable SphK2-selective inhibitor (269, 

332) was used to block in vivo SphK2 activation upon LCMV Cl 13 infection. Initially, we 

sought to observe early T cell responses to LCMV Cl 13 following treatment with 100mg/kg 

iSphK2 (Figure 19A). SphK2 inhibition resulted in an increase in the number of GP33 Tet+ 

CD8+ T cells (Figure 19B) in the spleen as well as an increase in the number of GP66 Tet+ 

CD4+ T cells at 5dpi (Figure 19C), which suggests that, similar 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 42dpi (Figure 19D). As seen before, transient SphK2 inhibition resulted in enhanced 

virus-specific CD8+ T cell (Figure 19E) and CD4+ T cell responses (Figure 19F) at late 

timepoints during chronic infection. Importantly, an increase in IFN+/TNFα+ GP33 Tet+ 

CD8+ T cells was observed in both the spleen and liver by treatment with iSphK2 at 

100mg/kg (Figure 19G and 19H). The virus-specific CD8+ T cell responses displayed an 

intermediate level when a lower dose (50mg/kg) of the inhibitor was used. The increase 

was also seen for IFN+/TNFα+ GP61/CD4+ T cells in the spleen but not in the liver (Figure 

19I and 19J). Furthermore, we determined the status of exhaustion markers on the virus-

specific CD8+ T cells at 40dpi following treatment with iSphK2. We observed a trend for  
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Figure 18. 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 8dpi the number of IFN-positive (B) 

and IFN/TNFα-double positive (C) endogenous GP33/CD8+ T cells were analyzed from 

the spleens of infected and non-infected mice. Furthermore, the percent of granzyme B-

expressing endogenous GP33/CD8+ T cells (D) was analyzed at this time point. **p≤0.01, 

*p≤0.05, one-way ANOVA with Tukey’s post-hoc test. Data are representative of 2-3 

independent experiments. 
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decrease in mean fluorescence intensities (MFIs) for LAG-3, PD-1, CD160, and Tim-3 in 

the spleen (Figure 20A-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 

20E-H). These data support the concept that SphK2 inhibition promotes virus-specific T 

cell responses in lymphoid and non-lymphoid tissues during LCMV Cl 13 infection.  

The promoted T cell immunity could be partially due to the enhanced stimulation 

of dendritic cells (DCs) upon LCMV Cl 13 infection (152, 316). However, the activation 

status of DCs did not increase due to SphK2 inhibition when assessed at 2dpi (see 

Studstill, et al. 2020). These data suggest that transient inhibition of SphK2 activity 

enhances virus-specific T cell responses during LCMV Cl 13 infection, which does not 

seem to depend on DC regulation. 

We next determined if these improved T cell responses could affect the resolution 

of viral persistence. Remarkably, oral administration of 100mg/kg iSphK2 over the first 

seven consecutive days (Figure 21A) resulted in significant reductions in serum viral titers 

at 42dpi (Figure 21B) without significant morbidity. Of note, three mice that received the 

inhibitor had no detectable infectious viruses in the serum. Virus titers were also  

Figure 19. SphK2 inhibition enhances virus-specific T cell responses. (A-C) LCMV Cl 13-

infected mice (n = 5-6 mice/group) were treated with 100mg/kg ABC294640 (iSphK2) or its 

solvent by oral gavage each day from day 0 to 2dpi. At 5dpi, the number of GP33 Tet+ CD8+ T 

cells (B) or GP66 Tet+ CD4+ T cells (C) in the spleen were assessed by flow cytometry. (D-F) 

LCMV Cl 13-infected mice (n = 4-6 mice/group) were treated for 7 days with 100mg/kg iSphK2 

from day 0 to 6dpi. At 42dpi, the number of IFN-producing NP396/CD8+ (E) and GP66 Tet+ 

CD4+ (F) T cells were determined in the spleen. (G-J) LCMV Cl 13-infected mice (n = 3-4 

mice/group) were treated with solvent (0mg/kg), 50mg/kg, or 100mg/kg iSphK2. At 40dpi, 

spleen (G,I) and liver (H,J) tissues were analyzed by flow cytometry for the percent of 

IFN
+
TNFα

+
 GP33 Tet

+
 CD8

+
 T cells (G-H) or IFN+TNFα+ GP61/CD4+ T cells (I-J). ***p≤0.001, 

**,##p≤0.01, *p≤0.05, n.s. not significant, bidirectional, unpaired Student’s t-test (B, C, E, F, and 

I), or indicated p value, one-way ANOVA with Tukey’s post-hoc test (G-J). Data are 

representative of 2-3 independent experiments.  
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Figure 20. The 

effect of SphK2 

inhibition on 

inhibitory 

receptor 

expression on 

LCMV-specific 

CD8+ T cells. 

LCMV Cl 13-

infected WT mice 

(n = 3-5 

mice/group) were 

treated with 

solvent (0mg/kg), 

50mg/kg, or 

100mg/kg iSphK2. 

At 40dpi, spleen 

(A-D) and liver (E-

H) tissues were 

analyzed by flow 

cytometry for the 

mean fluorescent 

intensity (MFI) of 

LAG-3 (A,E), PD-1 

(B,F), CD160 

(C,G), and Tim-3 

(D,H) on GP33 

Tet
+
 CD8

+
 T cells. 

**p≤0.01, *p≤0.05, 

n.s. not significant, 

or indicated p 

values, one-way 

ANOVA with 

Tukey’s post-hoc 

test (A-H). Data 

are representative 

of 2-3 independent 

experiments.  
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  Figure 21. Inhibition of 

SphK2 results in the 

accelerated clearance of 

persistent LCMV infection. 

(A-D) WT mice (n = 5 

mice/group) were infected 

with LCMV Cl 13 and treated 

daily for 7 days with 

100mg/kg iSphK2 or solvent 

by oral gavage from day 0. At 

42dpi, LCMV titers were 

determined in the serum (B), 

lungs (C), and kidneys (D) of 

infected mice by plaque 

assay. (E-F) LCMV Cl 13-

infected mice (n = 3-5 

mice/group) were treated with 

solvent (0mg/kg), 50mg/kg, or 

100mg/kg iSphK2 daily for 7 

days. (E) LCMV Cl 13 viral 

titers (focus forming units, 

FFU) were assayed in serum 

at 30dpi. (F) At 40dpi, the viral 

titers (FFU) in the kidney were 

assessed. (G-H) LCMV Cl 13-

infected mice (n = 5-6 

mice/group) were treated 

daily with iSphK2 beginning 

on 15dpi for 7 days. At 30dpi, 

LCMV titers were determined 

in the serum (H). (I-J) LCMV 

Cl 13-infected mice (n = 4-6 

mice/group) were treated with 

iSphK2 or solvent from 20 to 

26dpi.  At 56dpi, LCMV titers 

were determined in the serum 

(J). **p≤0.01, *p≤0.05, Mann-

Whitney nonparametric test 

(B-D, H, and J), Kruskal-

Wallis nonparametric test 

with Dunn’s test (E and F). 

Data are representative of 2-

3 independent experiments. 

The limit of detection is 

depicted as dotted lines. 
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significantly lower in the lungs (Figure 21C) and kidneys (Figure 21D) of iSphK2-treated 

mice. In order to observe the effect of different doses of iSphK2 following infection, we 

treated mice as above with 50mg/kg or 100mg/kg of iSphK2 and monitored viral titers in 

the serum at 30dpi. We discovered a moderate decrease in viral titers following treatment 

with 50mg/kg iSphK2 when compared to solvent-treated mice and a more pronounced 

decrease with 100mg/kg iSphK2 (Figure 21E). This response was also seen in the kidneys 

of infected mice at 40dpi (Figure 21F).  

To further evaluate the applicability of this treatment against chronic viral 

infections, we sought to determine if SphK2 inhibition could eradicate virus infection after 

viral persistence is established. To this end, LCMV Cl 13-infected mice were treated with 

iSphK2 beginning on 15 (Figure 21G) or 20 (Figure 21I) dpi for seven sequential days. 

LCMV serum titers were significantly reduced in the mice that received the inhibitor when 

compared to control mice (Figure 21H and 21J). These data indicate that inhibition of 

SphK2 can lead to enhanced containment of chronic viral infections even after 

immunosuppression and viral persistence are established. However, the inhibitor had 

almost no direct effect on virus replication at early time points in vivo (Figure 22A) or in an 

in vitro culture system (Figure 22B). Overall, these data show that transient inhibition 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. 

 

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 sequencing experiment. Sphk2+/+ or Sphk2-/- CD45.1+ 

GP61/CD4+ T cells were transferred into WT mice, followed by infection with LCMV Cl 13.  
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Figure 22. Inhibition of SphK2 promotes the clearance of persistent LCMV infection but 

does not impair LCMV replication in vitro. (A) WT mice (n = 5 mice per group) were infected 

with LCMV Cl 13 and treated daily for 7 days with 100mg/kg iSphK2 or solvent by oral gavage. 

At 10, 20, 28, and 42dpi, LCMV titers were determined in the serum of infected mice by plaque 

assay. (B) BHK cells were infected with LCMV Cl 13 (MOI = 0.1) and treated with 25 or 50μM 

iSphK2 or solvent control for 48 hours. LCMV Cl 13 titers were determined in the supernatants 

by plaque assay. **p≤0.01, *p≤0.05, n.s. not significant, bidirectional, unpaired Student’s t-test 

(A), one-way ANOVA with Tukey’s post-hoc test (B). 
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At 7dpi, CD45.1+ CD4+ T cells were isolated from the infected mice to extract RNA. 

Following RNA sequencing, 55 million single-end reads were aligned via HiSat2 to the 

Mus musculus reference genome and compared utilizing DESeq2 differential sequencing 

analysis. 544 genes were found to be differentially expressed (DE) with a false discovery 

rate (FDR) below 0.5. Of these, half (272 genes) were upregulated and the other half (272 

genes) were downregulated in virus-specific, Sphk2-/- CD4+ T cells when compared to 

Sphk2+/+ CD4+ T cells (Figure 23A-B). Several genes with the highest fold changes encode 

proteins known to regulate immune signaling as well as cellular proliferation (Figure 23C). 

Raw and normalized data have been made available in the Gene Expression Omnibus 

(GSE155030). To further assess the regulatory role of SphK2 in CD4+ T cell responses, a 

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 progression, 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 23D). 

Several representative gene sets from these categories and their heat maps show specific 

pathways and genes that are potentially involved in the regulation of CD4+ T cells by 

SphK2 (Figure 23E and Figure 24). Overall, these data suggest that in CD4+ T cells SphK2 

negatively regulates multiple cellular processes, including cellular signaling, 

transcriptional events, and cell cycling, which may explain the increased virus-specific 

CD4+ T cell responses following ablation of SphK2.  

Since TNFα signaling was shown to be upregulated in virus-specific Sphk2-/- CD4+ 

T cells (Figure 23E), we utilized antibody-mediated neutralization of TNFα to determine if 

increased TNFα, a well-characterized pro-inflammatory cytokine, levels were leading to  
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Figure 23. RNA-Seq analysis reveals changes in cellular transcription and cell cycle 

processes for SphK2-deficient virus-specific CD4
+
 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 Cl 13 (n = 3 mice/group). At 7dpi, 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 sequencing. (A-B) Differential 

expression analysis of genes with ˂0.05 false discovery rate (FDR). (C) The log
2
 fold change 

for the top 12 genes that are upregulated or downregulated in the SphK2-deficient phenotype 

are shown. (D) Pathway analysis of Gene Ontology (GO) gene sets with a significance ˂0.1 

FDR that correlate 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 Hallmark (Hall) molecular signature 

databases that are correlated with the SphK2-deficient phenotype (positive values) or SphK2-

sufficient phenotype (negative values) following gene set enrichment analysis (GSEA).  
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Figure 24. Heatmaps for top relevant gene sets from GSEA. Following differential 

expression analysis and GSEA (see Fig. 23), heatmaps were generated for significant, 

representative gene sets from gene ontology (GO) and hallmark (Hall) molecular signature 

databases. The heatmaps depict colors relating to the z scores for increased (positive values, 

red) or decreased (negative values, blue) normalized expression values of genes from Sphk2
+/+

 

(WT) or Sphk2
-/-

 (KO) CD4
+
 T cells (n = 3 samples per group). 
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the death of Sphk2-/- mice following LCMV Cl 13 infection. However, no difference was 

found between anti-TNFα and isotype control Ab-treated mice (Figure 25). Another well-

characterized method of cytotoxicity results from the interaction of Fas, a TNF-family 

member, on the target cell and Fas ligand (FasL) on the immune cell (212, 333). 

Nevertheless, we did not observe a significant change in the survival of Sphk2-/- mice 

following FasL neutralization (Figure 25). These data indicate that neither TNFα nor FasL 

signaling alone is responsible for the death of Sphk2-/- mice following LCMV Cl 13 

infection.  

 

CD22 is upregulated on virus-specific CD4+ T cells following LCMV Cl 13 infection, 

which is dependent on SphK2 

 We analyzed literature related to the top DE genes (Figure 23C) and identified 

CD22, which was highly correlated with SphK2-sufficient CD4+ T cells, as a known player 

in the immune response. CD22 is primarily known for its role in B cell receptor signaling 

(334–336). However, CD22 was also identified as a negative regulator of CD4+ T cell 

stimulation (337). To confirm whether CD22 protein levels correlated with the observed 

increased mRNA levels in SphK2-sufficient CD4+ T cells, we analyzed virus-specific CD4+ 

T cells from WT and Sphk2-/- mice at 10dpi with LCMV Cl 13. We observed an increase in 

the percent of CD22+ GP66 Tet+ CD4+ T cells in WT mice compared to Sphk2-/- mice as 

well as an increased MFI of CD22 on these cells (Figure 26A and 26B). To determine 

whether CD22 expression on virus-specific CD4+ T cells might play a role in the 

establishment of a persistent infection, we compared CD22 levels during LCMV Arm and 

LCMV Cl 13 infection. From our preliminary data, we did not see differences in CD22 

levels on virus-specific CD4+ T cells early during infection with LCMV Arm and LCMV Cl 

13 (6dpi, data not shown), but we observed significant increases in the percent of CD22+  
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Figure 25. Neutralization of TNFα or FasL does not prevent the death of Sphk2
-/-

 

mice following LCMV Cl 13 infection. Sphk2
-/-

 mice were infected with 2x10
6
 PFU 

LCMV Cl 13. On 4, 7, and 10dpi mice were given i.p. 200ug of hamster IgG control Ab 

(n = 3), anti-TNFα Ab (n = 5), or anti-FasL Ab (n = 5). Survival was monitored for 32 

days. n.s. not significant, Mantel-Cox Logrank test. These data are representative of 

one independent experiment. 
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Figure 26. CD22 is increased on virus-specific CD4+ T cells in the presence of SphK2 

following LCMV Cl 13 infection. (A-B) WT or Sphk2-/- mice (n = 4-6 mice/group) were infected 

with 2x106 PFU LCMV Cl 13 i.v. At 10dpi, the percent of CD22+ GP66 Tet+ CD4+ T cells (A) and 

median fluorescent intensity (MFI) of CD22 on GP66 Tet+ CD4+ T cells (B) were analyzed in the 

spleen. (C-F) WT mice (n = 4 mice/group) were infected with 2x105 PFU LCMV Arm i.p. or 2x106 

PFU LCMV Cl 13 i.v. At 27dpi, the percent of CD22+ GP66 Tet+ CD4+ T cells (C,D), MFI CD22 

on GP66 Tet+ CD4+ T cells (E), and percent of CD22+ IFN+ GP61/CD4+ T cells (F) were 

measured. **p≤0.01, *p≤0.05, bidirectional, unpaired Student’s t-test. These data are 

representative of one independent experiment. 



 
93 

GP66 Tet+ CD4+ T cells and the MFI of CD22 on these cells at 27dpi (Figure 26C-E). This 

increase was also seen on IFN+ GP61/CD4+ T cells (Figure 26F). Thus, SphK2 appears 

to regulate the levels of CD22 on virus-specific CD4+ T cells, which may contribute to the 

downregulation of CD4+ T cell responses during LCMV Cl 13 infection. 

 

Neutrophils are increased in Sphk2-/- mice during LCMV Cl 13 infection and 

contribute to the observed mortality 

 Since we observed changes in some innate immune cell populations in the kidneys 

of Sphk2-/- mice (Figure 14), we sought to determine how innate immune cells might be 

regulated by SphK2 early during LCMV Cl 13 infection. Therefore, we analyzed several 

populations of innate immune cells at 2dpi in WT and Sphk2-/- mice. We noted significant 

increases in the percent and number of Ly6G(1A8)+Ly6C+ (neutrophils) in the spleen of 

Sphk2-/- mice (Figure 27A). While there was an increase in the percent of Sphk2-/- CD11c+ 

cells (characteristic of DCs), we did not see a significant change in the number of these 

cells (Figure 27B). Finally, there appeared to be no change in the proportions or numbers 

of F4/80+ cells (characteristic of macrophages) or NK1.1+ cells (characteristic of natural 

killer cells) (Figure 27C and 27D). Thus, it appeared that Sphk2-/- neutrophils were greatly 

increased following LCMV Cl 13 infection. 

This increase in neutrophils was also seen in the kidneys of Sphk2-/- mice (Figure 

14). Therefore, we analyzed this population of cells in the spleen of WT and Sphk2-/- mice 

at 7dpi following LCMV Cl 13 infection. Interestingly, we again observed significant 

increases in the percent and number of these cells, indicating that increased neutrophil 

levels are sustained during infection (Figure 28A-C). In addition, we observed an increase 

in the percent of granzyme B-expressing Sphk2-/- Ly6G(1A8)+ cells (Figure 28D) (338). 

We hypothesized that neutrophils may also contribute to the mortality of Sphk2-/- mice. To  
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Figure 27. 

Neutrophils 

increase early 

during LCMV Cl 

13 infection in 

Sphk2-/- mice. WT 

or Sphk2-/- mice (n 

= 4-5 mice/group) 

were infected i.v. 

with 2x106 PFU 

LCMV Cl 13. At 

2dpi, the 

proportion and 

numbers of 

Ly6G(1A8)+Ly6C+ 

(A), CD11c+ (B), 

F4/80+ (C), and 

NK1.1+ (D) cells 

were analyzed in 

the spleens of 

infected mice. 

***p≤0.001, 

**p≤0.01, n.s. not 

significant, 

bidirectional, 

unpaired Student’s 

t-test. These data 

are representative 

of 2-3 independent 

experiments.  
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Figure 28. Neutrophils are increased in Sphk2-/- mice and contribute to the observed 

mortality following LCMV Cl 13 infection. (A-C) WT or Sphk2-/- mice (n = 4 mice/group) were 

infected i.v. with 2x106 PFU LCMV Cl 13. At 7dpi, the proportion (A,B) and number (C) of 

Ly6G(1A8)+Ly6C+ cells were assessed in the spleens of infected mice. (D) Sphk2-/- mice were 

treated i.p. with PBS (n = 3) or 200μg anti-Ly6G(1A8) (n = 5) on -1 and 1dpi and infected i.v. 

with 2x106 PFU LCMV Cl 13. Survival was monitored for 32dpi. ***p≤0.001, **p≤0.01, *p≤0.05, 

n.s. not significant, bidirectional, unpaired Student’s t-test (B-D), Mantel-Cox Logrank test (E). 

These data are representative of 1-2 independent experiments. 
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this end, we treated Sphk2-/- mice with an anti-Ly6G(1A8) antibody to deplete this cell 

population (339). Depletion was confirmed in the serum at 2dpi (data not shown) and 

survival was monitored for 32dpi. We observed a significant reduction in mortality in 

Sphk2-/- mice following neutrophil depletion, with 4 of 5 mice in the treated group surviving 

while all control mice succumb to infection (Figure 28E). Thus, SphK2 appears to also 

regulate neutrophils during LCMV Cl 13 infection and the increase of neutrophils 

contributes to the death of Sphk2-/- mice following LCMV Cl 13 infection.  

 

II-D. 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 activation of the host’s adaptive T 

cell response, leading to T cell dysfunction and persistent viral infection (Figure 29). 

Overall, SphK2 is shown to regulate T cell responses during viral infection, and transient 

inhibition of this enzyme is effective in clearing a persistent 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 5). 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 (268, 324, 340). Indeed, SphK1 was reported to 

interact with TRAF2 in the cytosol to regulate TNF-induced NF-B signaling, suggesting 

the possible role of SphK1 in influencing inflammation (250, 325, 326, 341–343). While, 

the pro-inflammatory versus anti-inflammatory role of SphK2 in arthritis is controversial 

(344), SphK2 was reported to regulate cytokine signaling (289, 290). Interestingly, SphK2  
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Figure 29. A model for SphK2 regulation of host immunity to LCMV Cl 13 infection. LCMV 

Cl 13 increases SphK2 expression/activation to suppress host immunity and establish viral 

persistence. SphK2 deficiency leads to virus-induced, lethal immunopathology. Transient 

SphK2 inhibition restores functional T cell responses and enhances viral clearance. 
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interacts with histone deacetylases (HDAC1 and HDAC2) in the nucleus to regulate gene 

transcription in cancer cells in vitro (263). SphK2-deficiency 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 (289). Using gene knockout and LCMV 

epitope-specific TCR tg mice 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-deficient CD4+ T cells were shown to have significant changes in 

pathways related to transcriptional control, cell cycle progression, and cellular signaling 

events (Figure 23). 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 elucidate specific pathways and genes that are directly regulated 

downstream of SphK2 in CD4+ T cells.  

While we observed enhanced T cell responses in Sphk2-/- mice, no significant 

change was noted in viral titers between WT and Sphk2-/- mice (see Studstill, et al. 2020). 

This may partly be due to the systemic nature of LCMV Cl 13, which prevents viral 

clearance at earlier time points. Furthermore, as SphK2 principally regulates 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 10-20dpi (Figure 22). Therefore, the immune-mediated injury in the 

kidneys of Sphk2-/- mice likely causes death of the mice before viral clearance would occur. 

The exact immunopathological method involved in the mortality of Sphk2-/- mice is 

currently unknown. We observed that neutralization of TNFα or FasL did not prevent the 

mortality (Figure 25). The release of perforin by cytotoxic cells is another mediator of 

cytotoxic damage (208, 221, 345); however, this molecule has also been shown to play a 
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protective role during LCMV Cl 13 infection (346, 347). 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 (225, 251, 298, 327, 348). 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 Cl 13 increases the levels of SphK2 

and pSphK2 (Figure 17). However, the inhibition of SphK2 did not change the replication 

of LCMV in vitro (Figure 22). 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. 

Interestingly, we did not observe a change in immunoregulatory cytokine-

producing virus-specific CD4+ T cells or a productive decrease in inhibitory receptors on 

virus-specific CD8+ T cells in Sphk2-/- mice (Figure 10, data not shown). This may partly 

explain why virus titers do not substantially change in SphK2-deficient mice. These time 

points are early following infection, and the presence of a continued viral infection may 

promote the upregulation of these exhaustion markers. Unfortunately, the 

immunopathology causes decline of the host before we might see a substantial change in 

immunoregulatory molecules. To support this, we did observe changes in inhibitory 

receptors on virus-specific CD8+ T cells following SphK2 inhibitor treatment (Figure 20). 

However, these changes were not observed until later during LCMV Cl 13 infection and 

the data seem to indicate a progressive loss of the exhaustion state. Furthermore, it is 

possible that SphK2 does not play a role in directly regulating exhaustion factors. Instead, 

SphK2 may mainly contribute to regulating the cellular state and cellular cycling. This is 
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supported by the increased proliferation of SphK2-deficient CD4+ T cells (Figure 16) and 

our RNA-Seq data that shows changes in the regulation of cellular responses and cell 

cycle progression (Figure 23). In this case, SphK2 may be upregulated in response to viral 

infection and work to regulate the proliferation of reactive T cells by playing a role in 

important signaling channels or through its effects on gene transcription.  

Recently, families with steroid-resistant nephrotic syndrome were shown to have 

recessive mutations in a gene encoding S1P lyase, which mediates degradation of S1P 

(296, 297). This suggests that unbalanced S1P metabolism could cause kidney disease. 

Other investigators also found that SphKs and S1P receptor signaling 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 treatment 

conditions (349–352). Our study suggests that SphK2 plays a vital role in attenuating host 

immune responses and the associated 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 (Figure 5). LCMV Arm infection still increased 

CD4+ T cell responses, but not CD8+ T cell expansion (Figure 9). In support of this, LCMV 

Arm infection increased the expression of SphK2 and pSphK2 in CD4+ T cells compared 

to uninfected CD4+ T cells (Figure 17). Therefore, the intrinsic 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 
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establishes viral persistence. This difference might have produced the distinct phenotypic 

outcomes, such as the mortality from the infection of SphK2-deficient mice. 

 We observed a significant correlation between the expression of Cd22 mRNA and 

SphK2-sufficient CD4+ T cells (Figure 23). This increase in CD22 was confirmed at the 

protein level in WT mice upon LCMV Cl 13 infection (Figure 26). Interestingly, CD22 is 

well known for its role in regulating B cell receptor responses (334–336). CD22 binds 

alpha-2,6-linked sialic acid molecules, which are found on other surface proteins, including 

the B cell receptor and CD45 (353). CD22 interactions with CD45 on T cells has been 

shown to play a role in T cell stimulation (353, 354). However, CD22 has also been shown 

to negatively regulate T cell receptor signaling in T cells (337). CD22-deficient mouse T 

lymphoblasts displayed hyperactive responses following stimulation. While it remains to 

be seen what role CD22 actually plays in T cells, this surface molecule may be an 

important negative regulator of T cell responses during chronic infections. Its upregulation 

in SphK2-deficient CD4+ T cells may provide a potential mechanism for how SphK2 

promotes the abrogation of T cell responses to LCMV Cl 13. While more study will be 

necessary to confirm this hypothesis, it is most likely that CD22 is not the only 

immunoregulatory molecule upregulated in the presence of SphK2. Thus, we will need to 

be vigilant in comparing our RNA-Seq data to current and new studies focused on T cell 

regulation. 

 While SphK2 and S1P has been shown to play a role in the functioning of several 

innate immune cells, including macrophages, and mast cells, to our knowledge this is the 

first correlation between SphK2 and neutrophils (259, 260, 283, 284). We observed 

significant increases of neutrophils in SphK2-deficient mice at several time points following 

LCMV Cl 13 infection (Figure 27 and 28). It is unknown what role SphK2 may play in 

upregulating neutrophil responses. While possible, it would seem unlikely that increased 
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CD4+ T cell responses would generate the significant increase as early as 2dpi. An 

increase in pro-inflammatory cytokines, such as IFN or IL-1β, in the SphK2-deficient 

environment may instigate an increase in neutrophil production (355, 356). Alternatively, 

SphK2 may also function intrinsically in neutrophils, but there is no current evidence for 

this. Neutrophils are primarily known for their role in bacterial infections. However, there 

have been several reports of neutrophils promoting HIV-1 elimination, and increases in 

neutrophils have been observed during IAV and HBV infections (357–360). The role of 

neutrophils during LCMV infection has been poorly studied, with some implications that 

these cells do not play a differential role between LCMV Arm and Cl 13 infections at early 

time points (189, 361, 362). Interestingly, neutrophils have been shown to cause 

immunopathology through the release of neutrophil extracellular traps (NETs) or 

production of reactive oxygen species (ROS) during IAV and HBV infections (359, 360). 

We have also observed that depletion of neutrophils reduces the mortality of Sphk2-/- mice 

(Figure 28E), and neutrophils are increased in the kidneys of these mice (Figure 14D). 

Thus, it will be interesting to further elucidate what role neutrophils play in the kidney 

pathology of Sphk2-/- mice following LCMV Cl 13 infection. Finally, neutrophils have been 

shown to increase CD8+ T cell responses, including during IAV infection, through direct 

antigen presentation as well as the release of inflammatory cytokines (363–365). It will be 

of great interest to see if Sphk2-/- neutrophils represent another contributor to the increase 

in virus-specific CD8+ T cells in our model.  

While transient inhibition of SphK2 in CD4+ T cells impairs the virus-induced 

immune suppressive program, completely obstructing SphK2 function during infection 

leads to detrimental pathogenic conditions. This emphasizes the importance of balanced 

host immunity to control infections without injurious response (366). Importantly, this 

temporary inhibition of SphK2 using an orally bioavailable small molecule can eliminate 
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LCMV Cl 13 in a persistently infected mouse (Figure 21). Virus-mediated T cell evasion 

or suppression is typically observed during persistent viral infections in humans (72, 315, 

367). Therefore, we believe targeting of SphK2 may provide a promising route for 

developing a pharmaceutical intervention to elicit protective T cell immunity against 

chronic viral infections that have a devastating impact on human health. 

 

II-E. Materials and methods 

Mice C57BL/6 (the Jackson Laboratory), C57BL/6-Sphk1-/-, C57BL/6-Sphk2-/- (248, 368) 

(kindly provided by Richard Proia, NIH and Kelley Argraves and Lina Obeid, MUSC), 

C57BL/6-Thy1.1+DbGP33-41 (Thy1.1+ GP33/CD8+, P14) T cell receptor (TCR) transgenic 

(tg) (369), and C57BL/6-CD45.1+I-AbGP61-80 (CD45.1+ GP61/CD4+, SMARTA) TCR tg (93) 

mice (generously provided by Michael Oldstone, Scripps) were used. Sphk2+/- mice were 

generated by one crossing of C57BL/6 and Sphk2-/- mice. C57BL/6-Thy1.1+DbGP33-41 

Sphk2-/- (Sphk2-/- Thy1.1+ GP33/CD8+) TCR tg and C57BL/6-CD45.1+I-AbGP61-80 Sphk2-/- 

(Sphk2-/- CD45.1+ GP61/CD4+) TCR tg were established by crossing TCR tg mice with 

Sphk2-/- mice for at least 4 generations. Six to eight-week-old male or female mice were 

used; LCMV clearance studies utilized six to eight-week-old male C57BL/6 mice. Mice 

were bred and maintained in a closed breeding facility according to institutional guidelines. 

 

Virus and Infections The Armstrong 53b (Arm) and Clone 13 (Cl 13) strains of LCMV 

were propagated on baby hamster kidney (BHK) cells (152, 369, 370). LCMV titers were 

determined by plaque assay on Vero (African green monkey kidney) cells (369, 370). BHK 

and Vero cells, and LCMV were initially provided by Michael Oldstone (Scripps, La Jolla, 

CA). Mice were infected by intravenous (i.v.) administration of 2x106 PFU of LCMV Cl 13 
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unless noted differently. For LCMV Arm survival experiments, mice were infected with 

2x106 PFU of LCMV Arm by i.v. administration. To determine T cell responses to LCMV 

Arm, mice were infected by intraperitoneal administration of 2x105 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 routine procedure, embedded in paraffin, 

sectioned to 4-µm thickness, and captured on glass slides. The slides were stained with 

haematoxylin and eosin (H&E) or periodic acid-Schiff (PAS) by using modified Schiff 

Reagent Solution (Fisher Scientific) for microscopic evaluation. 

 

Lymphocyte Isolation Splenocyte suspensions were obtained by forcing spleens 

through a 40μm nylon mesh. Then, cells were collected, 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 centrifugation with Percoll 

(Sigma). Splenic dendritic cells (DCs) were obtained by treating spleens with collagenase 

D (1U/ml, Roche) for 10 minutes followed by EDTA treatment (1mM) for 5 minutes. For 

experiments investigating immune cell infiltration into kidneys, tissues were incubated at 

37C in RPMI-1640 (Gibco) containing type 1 collagenase (2mg/mL, Alfa Aesar), DNase I 

(5U/mL,Thermo Scientific), FBS (10%, Sigma), HEPES (25mM, Gibco), and 

penicillin/streptomycin (100U/mL, 100μg/mL, Sigma) for 50 minutes followed by the 

addition of RPMI-1640 containing FBS (2%). Tissues were then forced through nylon 

mesh, and cells were used in downstream experiments. 
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Derivation of BM-DCs The femurs and tibias of WT mice were harvested and washed 

with 70% EtOH. As much excess tissue was removed from the bone as possible. The 

ends of each bone were then clipped, and a 25-gauge needle and syringe were used to 

wash the inside of each bone with PBS. The collected cells were passed through a 40μm 

nylon mesh. Cells were then treated with NH4Cl to remove RBCs and plated in cell dishes 

at a concentration of 1x107 cells/plate. These cells were grown in complete RPMI-1640 

(Gibco) supplemented with FBS (10%, Sigma), penicillin/streptomycin (100U/mL, 

100μg/mL, Sigma), and 2-mercaptoethanol (50μM, Sigma), sodium pyruvate (1%, Gibco), 

HEPEs (1%, Gibco), and non-essential amino acid (1%, Gibco). Finally, the media was 

supplemented with 20ng/mL (200U/mL) rmGM-CSF (Peprotech). The cells were grown 

for 10 days, changing media on days 3, 6, and 8. 

 

In vitro T cell proliferation assay LCMV epitope GP61-specific CD4+ T cells were 

purified from Sphk2+/+ or Sphk2-/- CD45.1+ GP61/CD4+ mice using EasySep CD4+ T cell 

enrichment negative selection reagents (Stem Cell Technologies) according to the 

manufacturer’s protocol. Isolated cells (5x106) were stained with 5μM CFSE (Invitrogen) 

according to the manufacturer’s protocol. BM-DCs were infected overnight with LCMV Cl 

13 (MOI = 10) for 1 hour or treated with the TLR7 agonist loxoribine (0.5mM) in the 

presence of GP61 peptide (1ug/mL) (369). 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.  
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Cell Depletion CD4+ T cells were depleted using a single 150μg, intraperitoneal dose of 

anti-CD4 antibody (GK1.5, purified functional grade, eBioscience) or isotype control at 1 

day prior to LCMV infection. Depletion was assessed 7dpi. CD8+ T cells were depleted 

using 250μg, intraperitoneal doses of anti-CD8 antibody  (YTS 156 hybridoma supernatant 

which was graciously provided by Helen Mullen at the University of Missouri) administered 

1 day prior to and 7 days post infection (371). Depletion was assessed 7dpi. Ly6G+ cells 

(neutrophils) were depleted with two 200ug doses of anti-Ly6G antibody (1A8; Leinco or 

Bio-X-Cell) or a control dose of PBS or antibody control rat IgG2a (2A3, Bio-X-Cell) given 

i.p on -1 and 1dpi. Depletion was accessed at 2dpi. Mice were monitored for 32dpi for 

survival experiments or harvested at 5dpi for T cell analysis. 

 

Antibody-Mediated Neutralization Sphk2-/- mice were infected with 2x106 PFU LCMV Cl 

13 and then given 200μg Armenian hamster IgG (PIP, isotype control), anti-TNFα (TN3-

19.12) (Leinco Technologies), or anti-FasL (MFL3) (Bio X Cell) i.p. on 4, 7, and 10dpi. 

Survival was monitored subsequently. 

 

Adoptive transfer of CD4+ and CD8+ T Cells For adoptive T cell transfer experiments, 

splenocytes were prepared as above.  CD45.1+ GP61/CD4+ and Thy1.1+ GP33/CD8+ T 

cells were isolated using EasySep or MojoSort CD4+ and CD8+ T cell enrichment negative 

selection reagents (Stem Cell Technologies, BioLegend) according to the manufacturer’s 

instructions. Purity was assessed by flow cytometry prior to adoptive transfer. 1x104 CD4+ 

or 1x104 CD8+ T cells were adoptively transferred into wild type mice by i.v. injection.  
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Flow Cytometric Analysis Antibodies used were specific for murine CD11b (M1/70), 

CD11c (N418), MHC-I (H-2Kb, AF6.88.5), MHC-II (I-Ab, AF6-120.1), 4-1BBL (TKS-1), 

CD40 (HM40-3), CD8α (53-6.7), CD3 (145-2C11), CD4 (GK1.5, RM4-5, RM4-4), CD90.1 

(Thy1.1, OX-7), CD45.1 (A20), Ly6C (HK1.4), Ly6G (1A8), B220 (RA3-6B2), IL-2 (JES6-

5H4), Ki67 (SolA15), IFN (XMG1.2), Granzyme B (NGZB), TNFα (MP6-XT22), IL-10 

(JES5-16E3), IL-21 (FFA21), Tim-3 (RMT3-23), CD160 (CNX46-3), LAG-3 (C9B7W), PD-

1 (RMP1-30), F4/80 (BM8), NK1.1 (PK136), and CD22 (OX-97) (BD Pharmingen, 

eBioscience, Tonbo Biosciences, BioLegend, and Leinco Technologies). 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 GP33-41 

tetramers, and LCMV GP66-77-specific CD4+ T cells were identified using fluorochrome-

linked GP66 tetramers (372), which were generously provided by the NIH Tetramer Core 

Facility. For Intracellular cytokine staining (152, 369, 370, 373), lymphocytes were cultured 

in the presence of 4μg/ml of brefeldin A (Sigma) and 1μg/ml GP33 (KAVYNFATC), NP396 

(FQPQNGQFI), GP276 (SGVENPGGYCL), or 5μg GP61 (GLNGPDIYKGVYQFKSVEFD) 

peptide for 5.5hrs and then, fixed, permeabilized, 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 FlowJo (Treestar) 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 1.0mm diameter Zirconia/Silica beads (BioSpec Products).  

LCMV titers were determined by plaque assay on Vero cells. In multi-dose studies with 

iSphK2, viral titers were determined by focus-forming assay on Vero cells as described 

previously (374). Briefly, Vero cells were infected with serum or homogenized kidney 
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supernatants of mice, followed by overlaying with a 1% methylcellulose (Sigma-Aldrich) in 

DMDM. Forty-eight hours later, monolayer cells were fixed with 4% paraformaldehyde, 

permeabilized with 1% Triton X-100, and stained with rat anti-LCMV antibodies (VL4 Bio 

X Cell). Following incubation with anti-rat IgG-HRP antibodies, a colorimetric reaction with 

DAB (3,3´-diaminodbenzidine) solution (Thermo Fisher Scientific) was performed to 

visualize LCMV-infected Foci. 

 

Western Blot Analysis 1x105 GP61-specific CD4+ or GP33-specific CD8+ T cells were 

adoptively transferred to C57BL/6 mice.  At 8 days post LCMV Arm or LCMV Cl 13 

infection, CD4+ or CD8+ T cells were obtained using EasySep CD4+ or CD8+ positive 

selection reagents (Stem Cell Technologies) according to the manufacturer’s instructions. 

Splenocytes or positively selected CD4+ and CD8+ T cells were lysed utilizing a sample 

buffer containing glycerol (20%), Tris/HCl pH 6.8 (0.125M), SDS (0.016g/mL), 

bromophenol blue (0.2mg/mL), and 2-mercaptoethanol (0.358M). Lysates were resolved 

on 10% SDS-PAGE gels and transferred to nitrocellulose membrane. SphK2 (ab264042 

Abcam), phospho-SphK2 (pSphK2, SP4631 ECM Biosciences or PA5-39812 Invitrogen), 

and GAPDH (5174 Cell Signaling) were identified using specific polyclonal antibodies and 

detected using a rabbit IgG-specific, HRP-linked secondary antibody (Thermo) and 

chemiluminescent substrate (Thermo) or a rabbit IgG-specific, IRDye 800CW antibody (LI-

COR) and imaged with the Odyssey Fc Imaging System (LI-COR). Densitometry analysis 

of western blots was done using Image Studio Lite (LI-COR) or ImageJ (Rasband, NIH). 

 

RNA Sequencing and Bioinformatic Analysis Sphk2+/+ or Sphk2-/- CD45.1+ GP61/CD4+ 

T cells were isolated and transferred into WT mice one day prior to LCMV Cl 13 infection 
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as above. At 7dpi, spleens and inguinal lymph nodes were harvested from infected mice 

and forced through nylon mesh. CD4+ T cells were subsequently purified via EasySep 

positive selection (Stem Cell Technologies) according to the manufacturer’s protocol. 

CD45.1+ cells were then sorted from CD4+ cells utilizing the MoFlo XDP (Beckman 

Coulter, University of Missouri Cell and Immunology Core). RNA was isolated from 

CD45.1+ CD4+ cells utilizing 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) (375). The quality of reads was checked with FastQC (ver. 0.11.5, Upendra 

Kumar Devisetty, Cyverse) (376). Reads were aligned to the Mus musculus GRCm38.p6 

release 99 primary genome assembly (Ensembl) utilizing the HiSat2 sequence aligner 

(ver. 2.1, Kapeel Chougule, Cyverse) (376–379). Indexed files were downloaded, and raw 

transcript counts were generated in SeqMonk (Babraham Institute). SeqMonk was utilized 

to generate the differential expression (DE) scatter plot. Transcripts were compared for 

differential expression utilizing DESeq2 in GenePattern (Broad Institute) (380, 381). The 

normalized expression values of differentially expressed genes with a q value (false 

discovery rate) ˂0.05 were used in downstream analyses. Transcripts were renamed 

utilizing mouse genome informatics (MGI) naming identifications (Ensembl and MGI) (379, 

382). Gene Set Enrichment Analysis (Broad Institute) was conducted utilizing the Gene 

Ontology (GO) and Hallmark (Hall) molecular signature databases (ver. 7.0) (383–386). 

Gene sets from the GO database with a q value ˂0.1 were mapped using EnrichmentMap 

and clustered based on gene set names using AutoAnnotate in Cytoscape (387–389). 

Gene sets with greater than 75% gene similarity are connected with lines. Heatmaps were 

constructed based on calculated z scores utilizing Morpheus (Broad Institute) (390). These 

data are available in the Gene Expression Omnibus (GEO) database 

(https://www.ncbi.nlm.nih.gov/gds) under the accession number GSE155030. 
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Biochemical Analysis of Serum Blood was collected from Sphk2-/- or WT mice on 15 or 

17dpi (depending on the severity of disease in Sphk2-/- 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 chemistry analyzer 

(AU680, Beckman-Coulter, Inc. Brea, CA) by Comparative Clinical Pathology Services, 

LLC (Columbia, Mo) (391). Serum sodium, chloride, and potassium were measured as 

above employing ion-specific electrodes.  

 

Evans Blue Analysis Prior to sacrificing, mice were anesthetized and given i.v. 200μL of 

a 0.5% solution of Evans Blue dye (Alfa Aesar) in PBS (221, 392). Mice were monitored 

for 30 minutes and then euthanized via cervical dislocation. Tissues were collected and 

dried for approximately 72 hours. Wet and dry weights were recorded. Subsequently, 

500μl formamide (Alfa Aesar) was added to dry tissues in microcentrifuge tubes. Samples 

were incubated in a 55°C water bath for 48 hours. 200μL from each sample was added to 

a 96 well plate and absorbance at 620nm compared to a formamide blank was measured 

on an Epoch Microplate Spectrophotometer (BioTek Instruments).  

 

Sphingosine Kinase 2 Inhibitor SphK2 was inhibited using ABC294640 (iSphK2) 

(MedKoo). For administration, the inhibitor was formulated to a dose of 10mg/ml in 50% 

PEG, 5% DMSO. Mice were given a 50-100mg/kg dose by intragastric gavage (269). The 

solvent is equivalent to a solution of PEG and DMSO without the inhibitor.  
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Statistics All error bars represent mean ± standard error of the mean (SEM), and 

averages were compared using a bidirectional (two-tailed), unpaired Student’s t-test (152, 

369, 370, 393) unless otherwise indicated. In the case of different sample sizes, an 

unequal variances t-test was employed. For pairwise comparisons, a one-way ANOVA 

was performed followed by Tukey’s post-hoc test or Dunnett’s test. For virus titers, a 

Mann-Whitney test, or for pairwise comparisons a Kruskal-Wallis test with Dunn’s test was 

utilized to account for nonparametric viral clearance. Graph constructions and statistical 

analyses were performed in Prism 8 (GraphPad). A p value ≤0.05 was considered 

significant for these tests. For RNA-Seq data, a q value (FDR) ˂0.05 was used. For GSEA 

pathway analyses, a q value (FDR) ˂0.1 was used. Mantel-Cox Logrank tests were 

performed for survival curves in Prism (GraphPad) (328, 394). 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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Figure 22A). Y.J.S and colleagues, Yong-Bin Cho, Kyung Won Kang, and Sang-Myeong 
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2 restricts T cell immunopathology but permits viral persistence, pp6523-6538, 2020, and 
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Chapter III. S1P-metabolizing enzymes function during IAV infection to 

regulate viral propagation and the host antiviral response 

 

III-A. Abstract 

 Infection with influenza A virus (IAV) causes significant morbidity and mortality 

each year. While effective therapeutics against IAV exist, these are not wholly successful, 

in part due to viral evasion. Therefore, novel therapeutics and a deeper understanding of 

the interplay between the host immune response and IAV are necessary to better control 

the virus and viral pathology. In previous work, we have identified that the host protein 

sphingosine kinase 1 (SphK1) enhances IAV propagation in vitro. Here, we detail part of 

the work identifying another isoform of SphK, SphK2, to also promotes IAV propagation in 

vitro. Importantly, chemical inhibition of SphK2 reduces viral titers in vitro and promotes 

viral clearance and reduces host morbidity in vivo. In addition, we have identified another 

protein in the sphingolipid metabolic pathway sphingosine 1-phosphate lyase (SPL) to 

promote the host antiviral response to IAV. Here, we also present part of the work showing 

SPL-deficient cells have decreased activation of interferon regulatory factor 3 (IRF3), 

which leads to lower expression of the type I interferon β (IFN-β) and interferon stimulated 

genes upon cellular recognition of viral RNAs. Collectively, these results show that 

sphingolipid-metabolizing enzymes are critical for the host response to IAV, and IAV 

utilizes members of this pathway to promote its own replication.  
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III-B. Introduction 

 Seasonal outbreaks with influenza A virus, as well as other influenza virus 

subtypes, cause severe strain on human health each year (396). For instance, the 

outbreak of pandemic IAV H1N1 in 2009 showcased how dangerous the spread of an 

influenza virus could be (397–401). Seasonal vaccines targeting prevalent circulating 

influenza virus strains must be reformulated each year and antiviral therapeutics targeting 

viral proteins have proven to quickly become ineffective due to the ability of the influenza 

virus to undergo antigenic shift and antigenic drift (402–405). As a result, much effort is 

focused on identifying new therapeutics that target essential viral replication pathways, in 

particular pathways based on host interactions as these may be more difficult for the virus 

to circumvent.  

 Following infection of a host cell, IAV RNA triggers host pattern recognition 

receptors, which signal through a cascade of host proteins leading to the production of 

type I interferons (IFN-I) (302). These IFN-I are critical for eliciting a productive antiviral 

response by stimulating the expression of a host of interferon stimulated genes (ISGs). 

However, IAV has found ways to abrogate antiviral signaling. For example, we have found 

that IAV HA protein triggers the degradation of the IFN-alpha receptor (IFNAR) through 

interactions with the host protein poly(ADP-ribose) polymerase 1 (PARP1) (305, 406). 

Work in our lab has also identified the host protein, sphingosine kinase 1 (SphK1), can 

promote IAV replication in cell culture (252, 298).  

 SphK1 and its isoform SphK2 are cellular proteins that facilitate the generation of 

sphingosine 1-phosphate (S1P) from sphingosine (226). SphK1 has been shown to 

promote cell survival and proliferation, and is critical for tumor necrosis alpha (TNFα) and 

nuclear factor-kappa B (NF-κB) signaling, which are important cell signaling pathways 

during inflammatory responses (324, 325, 407, 408). However, SphK2 has been noted to 
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have anti- and pro-inflammatory properties and may promote cellular apoptosis (268). 

While SphK1 and SphK2 carry out similar enzymatic functions, they display distinct cellular 

localization with SphK1 being found primarily in the cytosol and plasma membrane and 

SphK2 in the nucleus or cytosol and endoplasmic reticulum depending on cellular 

conditions (246, 262, 268). The two enzymes may also have slight differences in substrate 

specificity concerning other sphingolipid molecules (261). Both SphK1 and SphK2 have 

been shown to affect the replication of several viruses (225). Importantly, inhibition of 

SphK1 suppresses activation of NF-κB, a factor critical to IAV replication, and interferes 

with the export of the influenza viral ribonucleoprotein complex (252). The role of SphK2 

during IAV infection was previously unknown, and it was unknown if inhibition of these 

enzymes could promote viral control in vivo.  

 Another S1P metabolizing enzyme, sphingosine 1-phosphate lyase facilitates the 

degradation of S1P (409). Due to this, SPL is commonly associated with negative effects 

on cell survival (225). Previous work in our lab has shown that SPL plays a negative role 

in IAV replication by supporting the host antiviral response (298, 299). This occurs through 

interactions between SPL and host nuclear factor I-kappa-B kinase subunit epsilon (IKKε), 

which enhances activation of interferon regulatory factor 3 (IRF3) and promotes IFN 

production.  

 In this work, part of the study related to the function of SphK2 as a pro-viral factor 

is shown. Specific inhibition of SphK2 suppresses IAV replication in vitro. In addition, 

treatment with this same inhibitor in vivo reduces IAV-associated morbidity and mortality. 

Furthermore, experimental results to support the antiviral function of SPL in promoting 

activation of IRF3, expression of IFN-β protein, and downstream ISGs upon cellular 

sensing of viral RNAs are shown. These studies indicate that S1P metabolizing enzymes 
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play various roles during IAV infection, and modulation of these pathways may provide 

new therapeutic potentials for combating IAV infection.  

 

III-C. Results 

IAV infection increases the expression and activation of SphK2 and inhibition of 

SphK2 negatively impacts IAV replication 

 Since previous work has shown that SphK1 can promote IAV infection, we sought 

to determine what impact SphK2 might have on IAV propagation (252, 298). Following 

infection of human lung adenocarcinoma cells (A549) with the H1N1 IAV strain A/WNS/33 

(IAV), we observed enhanced expression of SphK2 (Fig. 30A and published data Xia, et 

al. 2018) (328). This increase was also observed following infection with the 2009 

pandemic influenza A/CA/04/09 (pH1N1), and enhanced activation (via phosphorylation) 

of SphK2 was shown with both viruses (published data Xia, et al. 2018). Thus, IAV 

infection also increases the activation of SphK2. 

 To confirm the importance of SphK2 during IAV infection, we utilized an SphK2-

overexpression plasmid system, small interfering RNA (siRNA) knock-down of SphK2, and 

a SphK2-selective inhibitor (ABC294640; ABC) (269, 332). Overexpression of SphK2 

increased the levels of IAV proteins, and the converse was observed upon SphK2 knock-

down (published data Xia, et al. 2018). Treatment of A549 cells with varying concentration 

of ABC led to a decrease in viral proteins at 24 hours post infection (hpi) (Fig. 30A). 

Furthermore, ABC treatment significantly decreased (~10 fold) viral titers in the 

supernatant of treated cells (Fig. 30B). We next determined the half maximal effective 

concentration (EC50) of ABC in A549 cells in relation to IAV infection. A549 cells were 

infected with IAV and treated with ABC at 6 different concentrations (Fig. 30C). The EC50  
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Figure 30. SphK2 inhibitor suppresses IAV replication in vitro. (A) A549 cells were infected 

with IAV at a multiplicity of infection (MOI) of 1. Cells were left untreated or treated with 

ABC294640 (ABC) at different concentrations as indicated. At 24hpi, the levels of M2, M1, NS1, 

SphK2, and GAPDH were analyzed by Western blotting. (B) A549 cells were treated with 

solvent (CTR) or ABC (50 µM). At 1 hour post-treatment, cells were infected with IAV at an MOI 

of 0.5. The titer of infectious IAV in the supernatants of the culture was assessed by plaque 

assay on MDCK cells at 24 hpi (n = 3/group). (C) A549 cells were infected with IAV at an MOI 

of 0.001 for 1 hour. Infected cells were then treated with ABC at 6 different concentrations 

(0.032, 0.16, 0.8, 4, 20, or 100 μM) or left untreated. Virus titer in the supernatant was measured 

at 48hpi by plaque assay on MDCK cells. No inhibition was seen when cells were treated with 

ABC at 0.032 μM (virus titer = 2.3 × 106 PFU/mL). The EC50 was determined with GraphPad 

Prism 5 software. The result represents the average of 3 replicative experiments. **p≤0.01, 

bidirectional, unpaired Student’s t-test (B).  
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was calculated using GraphPad Prism and identified to be 1.786μM (410). However, this 

reduction in viral titers was not due to an impact of inhibitor treatment on cell viability at 

these concentrations (published data Xia, et al. 2018). Overall, SphK2 is an important host 

factor in promoting IAV infection, and chemical inhibition of SphK2 can reduce viral 

replication in vitro.  

 

SphK2 inhibition protects mice from lethal IAV infection 

 Since SphK2 inhibition promoted reduced viral titers in vitro, we sought to 

determine if treatment could also prevent lethality in mice infected with IAV H1N1 

A/PR/8/34. C57BL/6 mice were infected with IAV-PR8 intranasally (i.n.) followed by oral 

treatment with ABC for two consecutive days (Fig. 31A). We monitored survival and weight 

change for 18 days post infection (dpi). Interestingly, oral treatment with ABC led to a 

significant reduction in IAV-associated morbidity and mortality. While only 10% of control-

treated mice survived following IAV infection, 50% of ABC-treated mice recovered (Fig. 

31B). Treated mice also displayed reduced weight loss compared to control-treated mice 

(Fig. 31C). Moreover, we observed reduced IAV titers in the lungs of ABC-treated mice 

(published data Xia, et al. 2018). Thus, inhibition of SphK2 may represent a promising 

therapeutic for IAV infections in vivo as well.  

 

SPL promotes the IFN-I antiviral response 

 Previous studies observed that infection of SPL-deficient cells with IAV resulted in 

increased expression of viral proteins and increased viral replication (299). Thus, SPL 

promotes the antiviral response against IAV. This was found to occur through SPL 

interacting with IKKε, an important signaling molecule downstream of the retinoic acid- 
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Figure 31. Orally administered SphK2-specific inhibitor decreases the fatality observed 

in IAV-infected mice. C57BL/6 mice were infected with influenza A/PR/8/34 virus (IAV) 

intranasally (i.n.) at 1×103 PFU. Then, mice were orally administered solvent (CTR) (n=10), or 

ABC294640 (ABC; 75 mg/kg) daily for 2 days (day 0 and day 1; n=10). All groups were 

monitored daily for survival. (C) The body weights of the mice from (B) were measured daily 

from day 0 to day 13. The data represent means ± SD. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001, 

bidirectional, Student’s t-test (C), or Mantel-Cox Logrank test.  
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inducible gene-I (RIG-I) PRR pathway. As such, SPL-deficient cells displayed less 

activation of IRF3 (phosphorylated IRF3) upon IKKε overexpression-induced activation of 

the IFN production pathway. Furthermore, SPL-deficient cells expressed less IFN-β 

mRNA and had reduced ISG protein levels (e.g. RIG-I) in response to IAV infection. 

However, it had not been shown if IAV RNA (vRNA) induced less endogenous IRF3 

activation in SPL-deficient cells. To this end, we transfected wild-type 293T cells or SPL 

knockout (SPL ko) 293T cells with vRNA or control RNA (cRNA) and measured 

endogenous IRF3 activation. As expected, we observed decreased phosphorylation of 

IRF3 in SPL ko cells (Fig. 32A). To confirm that the decreased IFN-β mRNA levels in SPL 

ko cells resulted in a similar decrease in IFN-β protein, we performed an ELISA to measure 

IFN-β in the supernatant of control or SPL ko cells transfected with vRNA. We observed 

significantly reduced IFN-β protein release by SPL ko cells at 24hpi, confirming the 

previous hypothesis (Fig. 32B). Finally, we sought to confirm the published results that 

SPL-deficiency results in less expression of ISG proteins. Analysis of RIG-I and interferon 

stimulated gene 56 (ISG56) protein levels showed reduction in SPL ko cells in relation to 

WT cells (Fig. 32C). Thus, SPL promotes an enhanced antiviral IFN-I response to IAV.   

 

III-D. Discussion 

 In the work presented here, we show several supporting data for the role of SphK2 

in promoting IAV infection and SPL in promoting antiviral responses. Inhibition of SphK2 

with the use of ABC resulted in reduced viral replication in vitro and promoted survivability 

to IAV infection in mice. In addition, we confirmed several conclusions from published work 

utilizing an SPL-deficient cell model to show reduced activation of IRF3, IFN-β protein 

secretion, and ISG expression in the absence of SPL (299). 
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Figure 32. SPL-deficient cells display a reduced IFN-I response upon cellular sensing of 

IAV RNA. (A) 293T (WT) or SPL knockout (SPL ko) cells were transfected with 0.8μg cellular 

RNA (cRNA) or IAV viral RNA (vRNA). Cells were harvested 8 hours post transfection (hpt) and 

IRF3, pIRF3, and GAPDH were analyzed by Western blotting. (B-C). WT or SPL ko cells were 

transfected with 0.6μg cRNA or vRNA and supernatants and cells were harvested at 16hpt or 

24hpt. The amount of IFN-β in the supernatant at 24hpt was measured by ELISA assay (B), 

and the levels of RIG-I, ISG56, and GAPDH at 16hpt were measured in cell lysates by Western 

blotting (C). ****, p ≤ 0.0001, n.s. not significant, bidirectional, Student’s t-test (B). 
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 Since SphK2 is a host protein, targeting it as a therapeutic may provide 

advantages over the direct targeting of IAV proteins. IAV has displayed the ability to 

mutate rapidly leading to drug resistant viruses (402–404). However, host pathways 

essential to IAV replication may not be as easy for the virus to circumvent. Furthermore, 

host-targeted therapeutics that display minimal cytotoxicity could be used in combination 

with current antiviral therapeutics to greatly enhance their effectiveness. A similar 

conclusion can be drawn with the role of SPL in antiviral responses. Future work will be 

needed to show if chemical therapeutics can promote the activities of SPL to enhance the 

antiviral response against IAV. However, care would need to be taken in an effort to not 

generate enhanced inflammation that results in pathology.  

 The exact mechanism of IAV replication regulation by SphK2 is currently unknown. 

SphK1 was shown to promote NF-κB-mediated viral replication as well as IAV 

ribonucleoprotein export from the nucleus (252). SphK2 has been shown to play a role in 

the regulation of gene expression and DNA synthesis in cancer cells (262, 263). Thus, 

SphK2 could be vital for regulating viral replication in the nucleus. Alternatively, viral 

proteins may interact with SphK2 to facilitate a change in cell state or host protein 

expression to promote a more optimal cellular environment for the virus. In addition, 

SphK2 contains a nuclear localization sequence and nuclear export sequence and can 

traffic in and out of the nucleus (264). Changes in SphK2 localization could be utilized by 

IAV to promote the nuclear trafficking of the viral ribonucleoprotein.  

 In the above studies, ABC was administered orally and reduced viral replication. 

However, an SphK1-specific inhibitor was not effective orally and required intranasal 

treatment (328). Thus, the delivery method of the therapeutic appears to be important in 

some cases. As IAV mainly infects lung epithelial cells, intranasal treatment may provide 

a more advantageous delivery route that requires lower doses of the compound.  
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 Overall, sphingolipid-metabolizing enzymes are critical not only in normal cellular 

processes but also during IAV infection. It is interesting that enzymes bridged by their 

metabolism of one molecule can have such different roles during a viral infection. 

Nevertheless, these enzymes represent therapeutic targets that have the potential to 

greatly enhance antiviral regimens against IAV.  

 

III-E. Materials and methods 

Virus and Cells Influenza A/WSN/33 (H1N1) virus was initially provided by Yoshihiro 

Kawaoka (University of Wisconsin-Madison). Influenza A/Puerto Rico/8/34 (H1N1) virus 

(PR8) was originally provided by Adolfo Garcia-Sastre (Mount Sinai School of Medicine). 

Viruses were amplified and titrated on Madin-Darby Canine Kidney (MDCK) cells as 

described (298, 411, 412). For infection of cultured cells, cells were incubated with the 

indicated virus for 1 hour, and then washed with PBS. Following infection with A/WSN/33 

(H1N1) cells were incubated with the fetal bovine serum containing medium. The 

supernatants containing infectious viruses were harvested for titration by plaque assay on 

MDCK cells. For the plaque assay, using serial dilutions of culture supernatants, viruses 

were adsorbed onto 2 X 105 MDCK cells/ml for 1 hour, and then cells were incubated with 

2X EMEM (Gibco) mixed with an equal portion of 1% agarose (Seakem ME). Mice were 

infected by intranasal (i.n.) administration of influenza virus (369). The sources of 293T 

cells, MDCK cells, and human lung epithelial A549 cells have been described (251, 252, 

407). 293T stable cell lines knocked out of SPL were generated as described (299). The 

studies presented here utilized the exon 14-SPL ko cells. Cells were cultured in a CO2 

incubator at 37°C. 293T cells, SPL ko cells, and A549 cells were cultured in Dulbecco’s 

modified Eagle’s Medium (DMEM, Gibco) and MDCK cells were cultured in Minimum 

Essential Medium Eagle (MEM, Mediatech) (251, 252, 298, 406). All media were 
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supplemented with 10% FBS (Sigma-Aldrich) and Penicillin (100 U/ml)/streptomycin (100 

µg/ml) (Invitrogen).  

 

Transfection vRNA or cRNA was obtained from IAV infected cells or uninfected cells, 

respectively, utilizing TRI Reagent (Sigma-Aldrich). For transfection of RNA into 293T cells 

or SPL ko cells, LipoD293 transfection reagent (SignaGen Laboratories) was used in 24-

well plates at a concentration of 600 or 800ng/ml of the indicated RNA, following the 

protocols recommended by the manufacturer. Equal total amounts of RNA were 

transfected into each sample. Also, equal amounts of transfection reagent were used for 

all of the samples, including negative controls.  

 

Mice Wild type C57BL/6 mice were purchased from the Jackson Laboratory. Six- to eight-

week-old male or female mice were used in experiments (369). Mice were bred and 

maintained in a closed breeding facility according to institutional guidelines and animal 

protocols approved by the Animal Care and Use Committee of University of Missouri-

Columbia. 

 

Reagents and Antibodies SphK2 inhibitor ABC294640 (Opaganib) (332) was purchased 

from MedKoo. Antibodies against human SphK2, influenza A viral M1, and M2 were 

purchased from Abcam; the antibody against influenza A viral NS1 was purchased from 

Santa Cruz; the antibodies against human GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase), ISG56, RIG-I, IRF3, and p-IRF3 (Ser-396) were purchased from Cell 

Signaling Technology; the antibodies against human phospho-SphK2 was purchased 

from ECM Biosciences. 
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ELISA Analysis Supernatants from vRNA or cRNA-transfected cells were harvested at 

the indicated time points. The amounts of IFN-β were measured by ELISA analysis 

utilizing a standard concentration curve (PBL Assay Science). Standard curves were 

generated using GraphPad Prism 5.  

 

Western Blot Analysis Western blotting was performed as described previously (251, 

252, 298, 328, 406). Briefly, cells were lysed in 2x sample buffer containing β-

mercaptoethanol and heated at 95°C for 10 min. Equal amounts of protein samples were 

resolved on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) gel and transferred to a nitrocellulose membrane (Bio-Rad). Membrane bound 

antibodies were detected using IRDye secondary antibodies (IRDye 800CW Goat anti-

Mouse IgG and Goat anti-Rabbit IgG; LI-COR). The signals were imaged by Odyssey Fc 

(LI-COR), and data were analyzed using Image Studio V5.2 (LI-COR). Similar results were 

obtained from at least three independent experiments. 

 

Statistical Analysis Data were analyzed and compared using a bidirectional, unpaired 

Student t test (328, 369). Error bars represent means ± standard error of the mean (SEM) 

or standard deviation (SD) as indicated. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 

0.0001. Differences in group survival were analyzed using Mantel-Cox Log-rank p test by 

using GraphPad Prism 5 software. EC50 was calculated utilizing GraphPad Prism 5 

software.  
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127 

Chapter IV. Discussion 

 

 In this work, SphK2 has been shown to play various roles during viral infections. 

During a persistent viral infection with LCMV Cl 13, SphK2 downregulates the virus-

specific T cell response in a CD4+ T cell-intrinsic manner. However, this appears to be 

beneficial as deletion of this suppressor mechanism causes lethal immunopathology in 

the host. Conversely, SphK2 plays a positive role during IAV infection by promoting viral 

replication. Use of an SphK2-selective inhibitor protected mice from lethal IAV infection. 

Moreover, SPL promotes host responses against IAV. Thus, S1P-metabolizing enzymes 

appear to play important roles in the host response to viral infections. 

The exact action of SphK2 in CD4+ T cells is unknown. We observed significant 

changes in gene expression important for transcriptional regulation and cell cycle 

progression in SphK2-deficient CD4+ T cells during LCMV Cl 13 infection. Furthermore, 

SphK2-deficient CD4+ T cells were able to proliferate better in response to antigenic 

stimulation than SphK2-sufficient cells. Previous studies by others have shown the ability 

of SphK2 to repress histone deacetylase activity and regulate gene expression, in the 

nucleus of cancer cells, as well as regulate DNA synthesis (262, 263). Thus, SphK2 may 

play a role in mediating the exhaustion state of CD4+ T cells through epigenetic or 

transcriptional control. Similarly, the exact function of SphK2 during IAV infection is 

unknown. SphK2 may function to regulate the expression of viral RNA, which has been 

suggested with other viruses (272). SphK2 may function in promoting IAV viral 

ribonucleoprotein complex movement from the nucleus as total SphK inhibition impaired 

this process (252). It is conceivable that upregulation of SphK2 could induce a favorable 

cellular environment to promote IAV replication. More studies will certainly be needed to 

elucidate these mechanisms. 
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It is interesting that SphK2 may function and be regulated so differently in these 

virus infections. With IAV, SphK2 levels increase and promote viral infection (Figure 30). 

While LCMV also upregulates SphK2 expression and activation, this appears to be 

dependent on cellular signaling mechanisms rather than direct infection (Figure 17). In 

fact, LCMV does not readily infect lymphocytes (32). Furthermore, we did not observe 

significant changes in viral titers following iSphK2 treatment of LCMV-infected cells (Figure 

22) unlike what we observed during IAV infection (Figure 30). It is likely that the function 

of SphK2 is variable due to differences in the type of viruses. Nevertheless, it would be 

interesting if a shared mechanism, such as SphK2 functioning downstream of specific 

signaling pathways, could be elucidated.  

LCMV Cl 13 establishes a persistent viral infection, which appears to lead to 

sustained SphK2 increase. However, we observed an increase in SphK2 levels following 

an acute infection with LCMV Arm as well (Figure 17) and increased CD4+ T cell 

responses against LCMV Arm in SphK2-deficient mice (Figure 9). Thus, studies of SphK2 

during LCMV Arm infection may be more applicable to the regulation of SphK2 during IAV 

infection. During both LCMV Arm and IAV infections, CD8+ T cells seem to play a major 

role in the antiviral response as opposed to CD4+ T cells (32, 302). It is possible that 

SphK2-inhibition may help prevent immunopathology in IAV-infected mice through its 

downregulation of CD4+ T cell responses or neutrophil responses in addition to its role in 

directly inhibiting viral replication (Figure 31). It will be interesting to look further into the 

regulation of immune cells following ABC treatment during IAV infection. Overall, LCMV 

and IAV are very different viruses and instigate regulation of the host immune response in 

unique ways. These studies add to the importance of investigating sphingolipid-

metabolizing enzymes in cellular functions and the immune response. 
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One promising link between the two studies described here is the beneficial uses 

of ABC as an immunomodulatory and antiviral therapeutic. The mechanisms may be 

different, but in both LCMV Cl 13 infection and IAV infection we observed reduced viral 

titers in infected mice (Figure 21 and Figure 31). Thus, future studies may be aimed at 

optimizing ABC treatments against these viral infections. It may be interesting to note, that 

the ABC inhibitor has recently been identified as a treatment for coronavirus disease 2019 

(COVID-19), mainly as an antiviral target, and has exhibited promising results; although, 

this study has not been peer-reviewed (413, 414). Interestingly, patients treated with 

ABC294640 (Opaganib) had increased lymphocyte counts, which is associated with less 

severe COVID-19 disease (414). This may support our own studies as recent reports have 

indicated that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) may 

induce immune exhaustion in humans (415–417). 

Overall, I have greatly appreciated the chance to study these interesting 

mechanisms in host-virus interactions. These studies have posed many difficult questions 

about the functioning of host proteins in the immune response, and the data are 

sometimes baffling to analyze. Nevertheless, these studies have added important 

information to how host cells respond to IAV infection and how LCMV Cl 13 regulates the 

immune response to persist in the host. Future studies hold exciting opportunities to 

elucidate more of the mechanisms behind these regulatory events. Furthermore, these 

studies provide excellent bases for targeting the sphingolipid metabolic axis to treat 

dangerous influenza viral infections and debilitating chronic viral infections in humans. 
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