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Abstract

Viruses use various mechanisms to evade clearance by the host. Investigating how a few changes 

in the genome of a non-lethal virus can lead to altered disease, from survivable to 

immunosuppression/death, would provide valuable information into viral pathogenesis. The 

Daniels strain of Theiler’s murine encephalomyelitis virus causes an asymptomatic infection or 

acute encephalitis followed by viral clearance. A mutant, H101, carries several alterations in the 

viral genome. H101 infection causes profound immunosuppression and death. Thus, a virus that is 

normally cleared by its natural host can become lethal due to just a few changes in the viral 

genome.
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1. Introduction

Infections with picornaviruses are often asymptomatic. Mild illnesses (gastrointestinal 

infection, colds) can be caused by some picornaviruses and, on occasion, more severe 

diseases, such as encephalitis (inflammation in the brain), can result. Picornaviridae family 

members include the polioviruses, Saffold virus (SAFV), Foot-and-mouth disease virus 

(FMDV) and the hepatitis A virus (Jones, et al. 2007; Nielsen, et al. 2012; Tapparel, et al. 

2013). Recently, the picornaviruses: cosavirus, salivirus and SAFV have been detected in 

patients presenting with a wide range of symptoms, including gastroenteritis (Blinkova, et 

al. 2009; Chiu, et al. 2010; Chiu, et al. 2008).
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The newly emerged SAFV currently has 11 genotypes worldwide, SAFV-1 to −11, all of 

which were recently isolated from fecal specimens collected in 2009 from 943 patients with 

acute flaccid paralysis in Pakistan and Afghanistan (Naeem, et al. 2014). Multiple SAFV 

strains represent all but one of the genotypes, SAFV-10, which is currently represented by 

only one strain. The genome diversity of SAFV was examined by comparing the full 

genome sequence of a representative strain from each SAFV genotype. High genetic 

diversity and extensive recombination were demonstrated among different SAFV genotypes 

(Naeem, et al. 2014). SAFV is the first virus of the Cardiovirus genus found to infect 

humans, and it is closely related to the mouse pathogen Theiler’s murine encephalomyelitis 

virus (TMEV) (Chiu, et al. 2008).

TMEV belongs to the Picornaviridae family and Cardiovirus genus. The genome of TMEV 

is a non-enveloped, single-stranded, positive-sense RNA of approximately 8100 nucleotides 

which is enclosed in a highly structured capsid. The RNA genome consists of a viral protein 

(VPg) covalently linked to the 5' untranslated region (UTR), an open reading frame that 

encodes a polyprotein, from which viral proteases post-translationally cleave 10–12 

proteins, including 4 capsid proteins, followed by the 3'UTR and a poly A tail (Rueckert 

1996). TMEV infection of mice through the natural route of infection (enteric) is mostly 

benign. However, rarely TMEV is able to enter into the central nervous system (CNS) and 

infection can lead to acute encephalitis. Mice of specific genetic backgrounds demonstrate 

varying susceptibilities to disease induced by TMEV (Lipton and Dal Canto 1979). More 

specifically, C57BL/6 (B6) mice infected intraperitoneally (i.p.) with the Daniels (DA) 

strain of TMEV do not show any overt signs of disease, but an abundant virus-specific 

CD8+ T cell response develops early following infection (Dethlefs, et al. 1997a, 1997b). B6 

mice infected with the DA strain of TMEV via the intracerebral (i.c.) route develop acute 

encephalitis; mice survive the acute disease and clear the virus by approximately day 21 post 

infection (p.i.), and the mice are immune to subsequent DA virus infections (Fiette, et al. 

1993). In comparison, SJL/J mice i.c. infected with the DA strain of TMEV are unable to 

clear the virus and subsequently present with chronic demyelinating disease, similar to 

multiple sclerosis (MS).

A mutant of the DA strain of TMEV, called H101, was inadvertently created as a result of 

transcription error(s) by the T7 polymerase while using a modified full-length infectious 

cDNA clone of the DA strain of TMEV as template (Zurbriggen, et al. 1991). The H101 

mutant virus encodes a point mutation (Thr101Ile) in viral protein (VP) 1, which is a capsid 

protein. In addition, in sequencing the H101 viral genome, there were also several 

nucleotide substitutions in the 5’ UTR as well as additional amino acid substitutions in the 

capsid protein coding region, suggesting that there are a number of perturbations in the viral 

genome (Tsunoda, et al. 1997). B6 mice infected with the H101 mutant virus experienced 

profound immunosuppression (i.p. and i.c. routes of infection). Following i.c. infection of 

B6 mice, H101 viral antigen was not detected in the CNS, but infection led to greater than 

90% mortality by day 7 p.i., suggesting that the H101 mutant virus led to a markedly 

different pathogenesis when compared to the parental DA strain of TMEV.

In this study, we provide a model of a murine virus (DA strain of TMEV) which, in the B6 

mouse, can result in an asymptomatic infection and viral clearance (i.p. infection) or acute 
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encephalitis and viral clearance (i.c. infection), but with just a few changes to the viral 

genome (H101 mutant virus) can result in immunosuppression (i.p. infection) and 

immunosuppression and death (i.c. infection). There are very few nucleotide differences 

between the DA strain of TMEV and the H101 mutant virus, therefore, this study provides 

experimental evidence that a virus that is normally cleared by its natural host can become 

lethal due to just a few changes to the viral genome.

2. Materials and Methods

2.1. Animals

Male B6 mice and female SJL/J mice at 4- to 5-weeks of age were obtained from the 

Jackson Laboratory (Bar Harbor, ME). All animal experiments were conducted in 

accordance with the guidelines prepared by the Committee on Care and Use of Laboratory 

Animals, Institute of Laboratory Animals Resources, National Research Council.

2.2. Viral infection

B6 mice were anesthetized with isofluorane by inhalation and infected i.c. or i.p. with the 

indicated plaque forming units (pfu) of the DA strain of TMEV, the H101 (H for 

hydrocephalus) strain of TMEV (Tsunoda, et al. 1997) or mock infected with phosphate-

buffered saline (PBS) at a final volume of 20 µl per mouse. The DA and H101 strains of 

TMEV were propagated as previously described (Tsunoda, et al. 1997).

Anesthetized B6 mice were i.c. infected with 50 pfu of lymphocytic choriomeningitis virus 

(LCMV), Armstrong (Arm) strain (obtained from Dr. Buchmeier, UC Irvine). Viral stocks 

were prepared by passaging the virus in BHK-21 cells. Viral titer was determined by plaque 

assay using Vero cells.

2.3. Mortality

B6 mice were infected with increasing viral doses (3 × 103, 3 × 104, 3 × 105 pfu) of H101 by 

i.c. inoculation. Mice were weighed and assessed for mortality through day 7 p.i.

B6 mice were infected with 3 × 105 pfu of H101 by i.p. inoculation, followed by 50 pfu of 

LCMV (Arm) by i.c. inoculation on day 7 post-H101-infection. Mice were assessed for 

mortality through day 7 post-LCMV-infection (day 14 post-H101-infection).

2.4. Spleen weights

B6 mice were infected with 3 × 105 pfu of DA or H101 virus, or mock infect, by i.c. 

inoculation. Spleens were harvested from infected mice on days 3 and 5 p.i. and weighed.

2.5. Immunohistochemistry

B6 mice, i.c. infected with 3 × 105 pfu of DA or H101 virus, or mock infect, were 

euthanized on day 3 p.i. Animals were perfused with PBS followed by 4% 

paraformaldehyde. Brains were harvested, divided into five coronal slabs and embedded in 

paraffin. Four-µm-thick tissue sections were cut and mounted onto slides. Viral antigen-

positive cells were detected on paraffin sections using TMEV hyperimmune rabbit serum, as 
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previous described (Tsunoda, et al. 2001; Zurbriggen and Fujinami 1989). Reactivity of the 

TMEV hyperimmune rabbit serum for H101 viral antigens was demonstrated previously 

(Tsunoda, et al. 1997). Viral antigen-positive cells were enumerated and summed, in a 

blinded fashion, using one slide per brain and evaluating the hippocampal region of the 

tissue sections.

B6 mice, i.p. infected with 3 × 105 pfu of H101 followed by i.c. infection with 50 pfu of 

LCMV (Arm) on day 7 post-H101-infection, or mono-infected with either H101 or LCMV, 

were euthanized on day 7 p.i. Animals and tissues were processed as described above. CD8 

antigen-positive cells were detected on paraffin sections using anti-mouse CD8-β antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA). The tissues were visualized using the avidin-

biotin peroxidase complex technique with 3,3'-diaminobenzidine tetrahydrochloride (Sigma, 

St. Louis, MO) in 0.01% hydrogen peroxide (Sigma) in PBS. The tissues were then 

counterstained with Harris’ hematoxylin (Electron Microscopy Sciences, Hatfield, PA).

SJL/J mice sensitized with myelin proteolipid protein (PLP) 139–151 peptide (see section 

2.9. below) which were subsequently i.p. infected with 3 × 105 pfu of H101 on day 19 post 

sensitization were euthanized following the first relapse. Animals were perfused with PBS 

followed by 4% paraformaldehyde. Spinal cords were harvested, divided into 12 transverse 

portions and embedded in paraffin. Four-µm-thick tissue sections were cut and mounted 

onto slides. CD3 antigen-positive cells were detected on paraffin sections using anti-mouse 

CD3ε antibody (BD Bioscience, San Jose, CA) following antigen retrieval. The tissues were 

visualized and counterstained as described above. Each spinal cord cross section was 

visually divided into quarters: top, bottom, right and left. CD3 antigen-positive cells were 

enumerated within each available quarter, all available quarters were summed and the sum 

was divided by the total number of available quarters to obtain a pathologic score for each 

mouse.

2.6. Flow cytometry

Flow cytometry was performed as previously described (Cusick, et al. 2013). Briefly, B6 

mice, i.c. infected with 3 × 105 pfu of DA or H101 virus, or mock infected, were euthanized 

and perfused with PBS on day 3 p.i. Subsequently, cells were mechanically isolated from the 

spleens and suspended in RPMI 1640 medium (Mediatech, Herndon, VA) supplemented 

with 1% L-glutamine (Mediatech), 1% antibiotics (Mediatech), 50 µM 2-mercaptoethanol 

(Sigma), and 10% Cosmic Calf Serum (CCS; Hyclone, Logan, UT). Cells were further 

purified with Histopaque-1083 (Sigma). Cells were treated with Fc block (BD Bioscience), 

stained with the indicated anti-mouse antibodies for 30 minutes at 4°C [anti-CD45–v500 and 

anti-CD3ε–allophycocyanin (APC)-Cy7, (obtained from BD Bioscience); anti-CD19–v450 

and anti-CD11b–APC (obtained from eBioscience, San Diego,CA)], and analyzed by flow 

cytometry on a BD FACSCanto II (BD Biosciences). Brain-derived cells were stained and 

analyzed individually for each mouse. Gating was determined based on fluorescence-minus-

one (FMO) with isotype matched immunoglobulin (Ig) controls. More specifically, FMO 

controls contained each antibody conjugate used in the experiment except one, with the 

addition of the appropriate isotype control for the excluded fluorochrome. This was 
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performed for each fluorochrome. Flow cytometry data analysis was performed using 

FlowJo software (Tree Star, Inc., Ashland, OR).

2.7. Mitogen-induced proliferation assays

Spleens were harvested, on day 7 p.i., from B6 mice i.p. infected with increasing viral doses 

of H101 (1 × 101, 1 × 102, 1 × 103, 1 × 104, 1 × 105 pfu). Mononuclear cells were isolated 

with Histopaque-1083. Cells were resuspended at 1 × 106 cells/ml in complete media 

(RPMI-1640 media supplemented with 1% L-glutamine, 1% antibiotics, 50 µM 2-

mercaptoethanol and 10% CCS). Next, 100 µl of cells were added to each well of a 96-well 

round-bottomed plate (Corning, Corning, NY). Increasing concentrations (0.1, 1, 3, 10 

µg/ml) of concanavalin A (Con A) in 100 µl of complete media were added into culture. 

Cells were incubated at 37°C, 5% CO2 for 72 hours in the presence of the indicated Con A 

doses. Sixteen-eighteen hours prior to harvesting cultures, the cells were pulsed with 1 µCi/

well of 3H-thymidine (PerkinElmer, Boston, MA). The cells were harvested onto glass fiber 

filters (PerkinElmer) for measurement of radiolabel incorporation using a liquid scintillation 

counter (PerkinElmer).

2.8. Enzyme-linked immunosorbent assay (ELISA)

Sera were collected at day 7 p.i. from B6 mice infected i.c. with 3 × 105 pfu of DA or H101 

virus. Sera were stored at −80°C until tested. Flat-bottomed 96-well plates (Corning) were 

coated with TMEV-antigen (DA or H101 antigen, 10 µg/ml in PBS) overnight at 4°C. DA 

and H101 virus antigens were prepared by infecting BHK-21 cells with virus at a 

multiplicity of infection of 0.1 pfu/cell as described (Kurtz, et al. 1995b). Plates were 

washed, incubated with sera in serial dilutions starting at 1:27 and diluted to 1:214, washed 

and incubated with secondary antibody, goat anti-mouse IgG-horse radish peroxidase 

(Invitrogen, San Diego, CA). Subsequently, substrate solution [citrate buffer (Fisher 

Scientific, Denver, CO), 10× o-phenylenediamine, hydrogen peroxide] was added for 30 

minutes at room temperature in the dark. The reaction was stopped by adding hydrochloric 

acid. Fluorescence was measured using a Wallac Victor 2 Multi-label Counter 

(PerkinElmer).

2.9. Experimental autoimmune encephalomyelitis (EAE) induction

SJL/J mice were injected subcutaneously in the flanks with 200 ml of 1 mM PLP139–151 

peptide. The emulsion solution was reconstituted complete Freund’s adjuvant (CFA), 

composed of Freund’s incomplete adjuvant (Pierce Biotechnology, Rockford, IL) containing 

Mycobacterium tuberculosis H37 Ra (2 mg/ml) (Difco Laboratories, Detroit, MI), and 

PLP139– 151. Mice were intravenously injected with 0.2 mg of Bordetella pertussis toxin 

(List Biological Laboratories, Campbell, CA), in a 100 ml final volume, on days 0 and 2 

following sensitization. Mice developed a relapsing-remitting clinical course (RR-EAE). 

Mice were weighed and scored daily for clinical signs. Clinical scoring was as follows: 0, no 

clinical disease; 1, loss of tail tonicity; 2, presents with mild hind leg paralysis with no 

obvious gait disturbance; 3, mild leg aralysis with gait disturbance and paralysis; 4, hind 

limbs are paralyzed; and 5, moribund or dead. If the mice were paralyzed to the point where 
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they could not feed or groom themselves (moribund), or they lost 20% of their body weight, 

the mice are euthanized via inhaled anesthetic.

2.10. Statistical analysis

The program SigmaPlot (Systat Software, Inc., Chicago, IL) was used for all statistical 

analyses performed. The Student’s t test was performed for pairwise comparison. The Chi-

Square test was utilized for nominal data (survival: yes or no).

3. Results

3.1. Decreasing viral doses of H101 led to lower mortality

To determine the severity of the disease induced by i.c. infection of B6 mice with the H101 

mutant virus, mice were infected with 3 × 103, 3 × 104 and 3 × 105 pfu of H101 and 

monitored daily for mortality and weight loss. No B6 mice succumbed to infection when 

H101 was administered via the i.p. route of infection (data not shown). For i.c. infection, we 

found that 100% of the mice infected with 3 × 103 pfu of the H101 mutant of TMEV 

survived through day 7 p.i. (Fig. 1A), while still experiencing steady weight loss for days 3–

6 p.i. (Fig. 1B). The mortality rate significantly increased (p<0.05, Chi-Square test) on days 

5–7 p.i. when mice were infected with higher viral doses of H101 (Fig. 1A), and this was 

accompanied by a significantly greater weight loss (p<0.05, Student’s t test) for days 3–5 

p.i. (Fig. 1B). These results show that disease was more severe with higher doses of H101. 

In addition, although the mortality rate dropped to zero for the mice infected with 3 × 103 

pfu of H101, there was still disease present as evidenced by the weight loss seen in these 

animals.

3.2. H101 viral antigens were not found within the hippocampal region of the brain

Although general infection of the brain parenchyma was not seen previously with H101 

infection of SJL/J mice (Tsunoda, et al. 1997), the DA strain of TMEV is known to infect 

the pyramidal neurons of the CA1 region of the hippocampus within the brain of B6 mice 

(Kirkman, et al. 2010). Therefore, immunohistochemistry was performed using TMEV 

hyperimmune rabbit serum to determine whether the H101 strain of TMEV was also capable 

of infecting pyramidal neurons of the hippocampus of B6 mice. Pyramidal neurons of the 

hippocampus were not found to contain H101 viral antigens (Fig. 2). The hippocampal 

region of mock infected mice (Fig. 2A) and mice i.c. infected with 3 × 105 pfu of H101 (Fig. 

2B), at day 3 p.i., had fewer viral antigen-positive cells compared to mice i.c. infected with 3 

× 105 pfu of DA (Fig. 2C). These differences were significant (p<0.05, Student’s t test) (Fig. 

2D). Therefore, the H101 strain of TMEV is unable to infect the pyramidal neurons of the 

hippocampus of B6 mice. The viral dose of 3 × 105 pfu will be used hereafter if not 

otherwise indicated.

3.3. H101 strain of TMEV ablates splenic T cells

The profound immunosuppression induced by H101 was demonstrated in several ways. 

First, B6 mice i.c. infected with the H101 mutant virus had significantly lower (p<0.05, 

Student’s t test) spleen weights (0.085 ± 0.005g), in comparison to mock infected mice 

(0.106 ± 0.006g) and mice infected with DA (0.109 ± 0.005g) (Fig. 3), evaluated at days 3 
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and 5 p.i., suggesting that H101 was causing leukopenia. Spleen weights were also found to 

be reduced, albeit to a lesser extent, when H101 was administered via the i.p. route of 

infection (data not shown).

To determine what cell-types H101 could be targeting for ablation, spleen cells from mock 

infected B6 mice and mice i.c. infected with DA or H101 were immunophenotyped on day 3 

p.i. using flow cytometry (Fig. 4). CD45+CD3+ T cells were significantly less in mice 

infected with H101, compared to mice infected with DA (p<0.05, Student’s t test) and mock 

infected mice (p<0.005, Student’s t test) (Fig. 4A,B). However, monocytes/granulocytes/

natural killer cells (CD45+CD11b+) were significantly higher (p<0.05, Student’s t test) in 

spleens from mice infected with H101 (44.4 ± 4), in comparison to mock infected mouse 

spleens (15.5 ± 2.9) and spleens from mice infected with DA (11.9 ± 1.3) (Figs. 4C). 

Similarly, B cells (CD45+CD19+) in spleens from mice infected with H101 (58.2 ± 2.4) 

were higher, in comparison to mock infected mouse spleens (50.1 ± 8.2) and spleens from 

mice infected with DA (41 ± 8.6), although these differences did not reach significance (Fig 

4D). The increase in both B cells and monocytes/granulocytes/natural killer cells in the 

spleens from mice infected with H101 can be accounted for by the low frequency of T cells. 

Therefore, spleens isolated on day 3 p.i. from B6 mice infected via the i.c. route with the 

H101 mutant virus had no CD45+CD3+ T cells, compared to the spleens of mock infected 

mice and mice infected with the DA strain of TMEV. Splenic T cells were also reduced 

when H101 was administered via the i.p. route of infection, although to a lesser extent than 

that seen following i.c. infection (data not shown).

To test whether H101 had an effect on the functionality of T cells, B6 mice were mock 

infected or i.p. infected with increasing viral doses (1 × 101, 1 × 102, 1 × 103, 1 × 104, 1 × 

105 pfu) of the H101 strain of TMEV. Spleens were collected on day 7 p.i. and cells were 

isolated and used to measure the proliferative response via 3H-thymidine incorporation 

assays. The same number of spleen cells were added to each well and cultured with 

increasing concentrations (0.1, 1, 3, 10 µg/ml) of Con A. Increasing viral doses of H101 

resulted in decreasing lymphocyte proliferation in response to Con A (Fig. 5). Taken 

together, these results demonstrate that H101 infection leads to depletion of T cells in the 

spleen. We are currently investigating why T cell depletion is greater following i.c. infection 

compared to i.p. infection.

3.4. H101 strain of TMEV induced lower levels of virus-specific serum antibody

CD4+ T cells are required for protection from TMEV infection in SJL/J mice due to the 

“help” that CD4+ T cells provide for the development of an antiviral antibody response in 

the CNS (Kurtz, et al. 1995a, 1995b). Although there was no effect on the number of splenic 

B cells in B6 mice infected with the H101mutant strain of TMEV in comparison to B6 mice 

infected with the DA strain of TMEV (Fig. 4D), we quantified, by ELISA, anti-TMEV 

antibody levels in serum from B6 mice that were i.c. inoculated with either DA or H101 

(Fig. 6). Quantification of virus-specific serum antibody on day 7 p.i. demonstrated a 

markedly lower virus-specific serum antibody level in mice infected with the H101 mutant 

than in mice infected with DA (Fig. 6). Quantification of total serum IgG, IgG1, IgG2a, 

IgG2b and IgG3 by ELISA showed no differences between mice infected with H101 or DA 
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(data not shown). Therefore, H101 infection leads to depletion of virus-specific antibody in 

the serum, likely through a reduction in CD4+ T helper cells.

3.5. H101 strain of TMEV protected against subsequent LCMV infection

Fatal meningitis results by approximately day 6 p.i. from i.c. inoculation of B6 mice with 

LCMV; the meningitis is due to infiltrating CD8+ T cells and monocytes (Kim, et al. 2009). 

To test the functional ability of the H101 mutant strain of TMEV to kill T cells in vivo, B6 

mice were i.p. infected with the H101 strain of TMEV 7 days prior to i.c. infection with 

LCMV (Arm, 50 pfu). As controls, a group of B6 mice were i.c. inoculated with LCMV 

alone, and a group of B6 mice were i.p. infected with H101 alone. H101 mono-infection had 

no biological effect on the mice (N=4) (data not shown). LCMV mono-infection led to 

significantly greater (p<0.05, Chi-Square test) mortality at day 7 post-LCMV-infection, in 

comparison to H101 plus LCMV dual-infection at day 7 post-LCMV-infection (day 14 post-

H101-infection) (Fig. 7A). Examination of the choroid plexus of the brain from H101 mono-

infected (Fig. 7B), H101 plus LCMV dual-infected (Fig. 7C) and LCMV mono-infected 

(Fig. 7D) mice for CD8+ T cells showed a much larger amount of cellular infiltration in the 

LCMV mono-infected mice (Fig. 7D) in comparison to either the H101 mono-infected mice 

or the H101 plus LCMV dual-infected mice. A portion of the cellular infiltrate was CD8+ T 

cells. These results demonstrate that the H101 strain of TMEV provides protection against T 

cell-mediated meningitis, thereby providing in vivo evidence that H101 targets T cells.

3.6. H101 strain of TMEV ameliorated RR-EAE

Previously, using the PLP139–151-induced EAE model in SJL/J mice, infection with the 

H101 strain of TMEV was shown to significantly reduce the clinical signs of EAE at the 

peak of the acute phase if it was administered i.p. on day 5 post-sensitization, 4 days prior to 

the first observable signs of disease (Cusick, et al. 2014). In comparison, administration of 

the DA strain of TMEV i.p. on day 5 post-sensitization also significantly reduce the clinical 

signs of EAE at the peak of the acute phase, but not to the same extent as the H101 strain of 

TMEV (data not shown). As the SJL/J mice in the PLP139–151-induced EAE model develop 

a RR-EAE clinical course, this model was used to determine if H101 could prevent, dampen 

and/or alter a T cell-mediated disease that was well underway. SJL/J mice were sensitized 

with PLP139–151 peptide in CFA. SJL/J mice experienced an acute attack between days 9–15 

and recovered (Fig. 8A). One group of EAE mice was i.p. infected with the H101 strain of 

TMEV on day 19 post-sensitization, which was in the middle of the remission between the 

acute attack and the first relapse (started on day 24). A control group of EAE mice was left 

untreated (No Treatment). The group of EAE mice that was treated with H101 had 

significantly lower clinical scores (p<0.05, Student’s t test) on days 24–28 post-

sensitization, compared to the untreated group (Fig. 8A). More specifically, the average 

clinical score, the mean clinical maximum and the cumulative disease index, an average 

score of the clinical score over the course of the first relapse (days 23–29), were all 

significantly lower (p<0.01, Student’s t test) in the EAE mice that were treated with H101, 

compared to the untreated group (Table 1). A further comparison showed that i.p. infection 

of EAE mice with the DA strain of TMEV during the remission between the acute attack 

and the first relapse did not significantly lower the clinical scores over the course of the first 

relapse in comparison to no treatment; in fact the clinical scores were increased over the no 
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treatment group (data not shown). Upon examination of spinal cord sections from EAE mice 

treated with H101 during the remission or left untreated for the presence of CD3 antigen-

positive cells, we found that the mice treated with H101 had significantly fewer CD3+ T 

cells infiltrating the spinal cords, compared to the no treatment mice (p<0.0001, Student’s t 

test) (Fig. 8B). Likewise, the mice treated with H101 had significantly fewer CD3+ T cells 

infiltrating the spinal cords, compared to mice treated with DA during the remission 

(p<0.001, Student’s t test) (data not shown). Mice treated with DA were not significantly 

different from untreated mice (data not shown). Therefore, H101, but not DA, could 

ameliorate a T cell-mediated disease that was well underway.

4. Discussion

There is an ongoing evolutionary battle between host cell immunity and viruses. As viruses 

develop new ways to evade the host immune response, the host, if it is to survive, must 

develop new ways to combat the viral infection. There are a multitude of viral immune 

evasion strategies that function through down regulation of both innate and adaptive 

components of the host immune response (Pratheek, et al. 2013). Some mechanisms of 

evasion lead to defective viral antigen processing and presentation and therefore no effector 

T cell response is induced. Some mechanisms of evasion lead to alteration in the host 

cellular microenvironment (cytokines and chemokines), thus altering the effector T cell 

response possibly through the induction of a regulatory T cell response. Yet other 

mechanisms of evasion involve the targeting of different immune cell types, such as natural 

killer cells, B cells or dendritic cells, or the regulation of the host complement system, which 

is a mechanism known to be used by picornavirus (Pratheek, et al. 2013). The H101 mutant 

strain of TMEV has acquired a new mechanism of evasion: the ability to target T cells that 

are critical to the host’s ability to combat the viral infection and clear the virus. As a result, 

the pathogenesis of the H101 strain of TMEV has been altered dramatically from that of the 

parental DA strain of TMEV. The H101 strain of TMEV no longer has the ability to infect 

neurons within the brain parenchyma. Instead, there is a profound immunosuppression, due 

to the ablation of splenic T cells which, in turn, causes a great reduction in virus-specific 

serum antibodies. Ultimately, a virus (DA strain) that was routinely cleared by the host, 

through just a few changes to its genome, has become a virus (H101 strain) that now has the 

ability to kill the host.

Picornaviruses have demonstrated the capability of evolving through recombination and 

mutation, thus imbuing them with the ability to evade immunity and adapt to new ecological 

niches (Benschop, et al. 2010; Boros, et al. 2012; Lau, et al. 2014; Yip, et al. 2013; Yip, et 

al. 2010). This new immune evasion strategy and altered pathogenesis for the H101 mutant 

strain of TMEV appears to be linked to just a few changes in the viral genome. Another 

picornavirus that appears to be evolving through a relative few alterations to its genome is 

FMDV (Aphthovirus genus), which is a highly infectious and contagious picornavirus that 

infects cloven hoofed livestock, and is endemic in India (Subramaniam, et al. 2013). There 

are currently six prevalent serotypes of FMDV worldwide. Within serotype O, there are 11 

geographically restricted topotypes. Within the Middle East-South Asia topotype, the 

PanAsia lineage caused most of the outbreaks of foot-and-mouth disease in India between 

1996–2008, while the Ind2001 lineage of FMDV caused sporadic cases of foot-and-mouth 
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disease in India during 2003–2005, re-surged in 2008 and continued to be prevalent through 

2011. An examination of the capsid coding region of 141 FMDV isolates collected during 

2009–2012 demonstrated that a new genetic lineage, named Ind2011, had emerged with 9.8–

14.8% and 9.7–12.8% nucleotide divergence from the Ind2001 and PanAsia lineages, 

respectively. The Ind2011 lineage appeared to share ancestry with the PanAsia lineage, not 

the Ind2001 lineage. The Ind2011 lineage had two amino acid substitutions at positions 

VP1-(L36F) and VP2-(Q133T) that appeared to be specific for the Ind2011 lineage 

(Subramaniam, et al. 2013).

In this study, two disease models, EAE and LCMV infection, were used to demonstrate the 

ability of the H101 mutant strain of TMEV to functionally target both CD4+ and CD8+ T 

cells in vivo. EAE is predominantly mediated by autoreactive CNS-specific CD4+ T cells 

(Libbey, et al. 2010), while the fatal meningitis induced by LCMV is mediated through 

CD8+ T cells (Kim, et al. 2009). Administration of the H101 strain of TMEV prior to 

infection with LCMV protected the mice from LCMV-induced meningitis and death (Fig. 

7), thus demonstrating the ability of H101 to target the CD8+ effector T cells. 

Administration of the H101, but not DA, strain of TMEV to EAE mice during the remission, 

that followed the acute attack and preceded the first relapse, ameliorated the clinical signs of 

disease during the first relapse (Fig. 8), thus demonstrating the ability of H101 to target the 

CD4+ effector T cells. Previously, the ability of H101 to ameliorate the clinical signs of 

disease during the acute attack was demonstrated through administration of the H101 strain 

of TMEV to EAE mice prior to the acute attack (Cusick, et al. 2014). Therefore, 

administration of the H101 strain of TMEV was not only able to prevent a T cell-mediated 

disease from developing (LCMV) and ameliorate a newly developing T cell-mediated 

disease (EAE prior to acute attack), but administration of the H101 strain of TMEV was also 

able to ameliorate a T cell-mediated disease that was already well underway (EAE during 

remission). An important question that is currently being investigated is whether the 

elimination of T cells through infection with the H101 strain of TMEV is occurring through 

a direct or indirect mechanism.
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Highlights

• Infection with the H101 mutant strain of TMEV resulted in high mortality.

• H101 did not infect pyramidal neurons in the CA1 region of the hippocampus.

• The H101 mutant strain of TMEV ablated splenic T cells.

• H101 protected against CD8+ T cell-mediated death resulting from LCMV 

infection.

• H101, but not DA, ameliorated the clinical signs of CD4+ T cell-mediated EAE.
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Figure 1. 
Decreasing viral doses of H101 led to lower mortality. B6 mice were infected with 

decreasing viral doses of the H101 strain of TMEV by i.c. inoculation. (A) Percent of mice 

that survived. *p<0.05, Chi-Square test. (B) Weight of mice after infection. Results 

represent the mean ± standard error of the mean (SEM) for groups of 30 mice per group for 

3 × 105 pfu and 20 mice per group for 3 × 104 and 3 × 103 pfu. *p<0.05, Student’s t test.
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Figure 2. 
H101 viral antigens were not found within the hippocampal region of the brain. B6 mice 

were i.c. infected with 3 × 105 pfu of DA or H101, or mock infected. Representative tissue 

sections of the CA1 region of the hippocampus (inset: hippocampus) stained for TMEV 

antigen (arrow) from mock infected (A), H101 infected (B) and DA infected (C) mice at day 

3 p.i. are shown. (D) Quantification of viral antigen-positive cells within the hippocampal 

region of the brain. Results represent the mean + SEM for groups of 4 mice per group. 

*p<0.05, Student’s t test.
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Figure 3. 
H101 infection resulted in reduced spleen weight. B6 mice were i.c. infected with 3 × 105 

pfu of DA or H101, or mock infected. Mouse spleens were collected on days 3 and 5 p.i. and 

weighed. Data shows groups with 8 mice per mock group and 9 mice per H101 and DA 

groups. *p<0.05, Student’s t test.
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Figure 4. 
H101 infection resulted in reduce T cells in the spleen. B6 mice were i.c. infected with 3 × 

105 pfu of DA or H101, or mock infected. Mouse spleens were collected on day 3 p.i. and 

analyzed by flow cytometry. (A) Representative flow cytometric histogram. Fluorescence 

minus one plus isotype antibody was used as a control (black dotted line). (B) Quantification 

of CD45+CD3+ T cells in the spleens. (C) Quantification of CD45+CD11b+

monocytes/granulocytes/natural killer cells in the spleens. (D) Quantification of 

CD45+CD19+ B cells in the spleens. Results represent the mean + SEM for groups of 4 mice 

per mock and DA groups and 5 mice per H101 group. *p<0.05, **p<0.005, Student’s t test.
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Figure 5. 
Increasing viral doses of H101 resulted in decreasing lymphocyte proliferation to Con A. B6 

mice were infected with decreasing viral doses (1 × 101, 1 × 102, 1 × 103, 1 × 104, 1 × 105 

pfu) of H101 by i.p. inoculation. Spleens were harvested on day 7 p.i., lymphocytes were 

isolated and stimulated in vitro with increasing concentrations of Con A (0.1, 1, 3, 10 µg/

ml). The proliferative response was measured by 3H-thymidine incorporation for the last 16–

18 hours of a 72 hour assay. The stimulation index (SI) was used for proliferation analysis, 

in which the mean of the experimental data was divided by the mean of the background for 

each culture condition. Mouse spleen cells were pooled for proliferation assays, therefore 

statistics were not performed.
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Figure 6. 
H101 infection resulted in reduced virus-specific serum antibody levels. B6 mice were i.c. 

infected with 3 × 105 pfu of DA or H101. Serum was collected on day 7 p.i. and an ELISA 

for TMEV-specific antibody was performed. Each individual curve was generated from a 

single mouse.
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Figure 7. 
H101 infection protected against subsequent LCMV infection and choriomeningitis. B6 

mice were i.p. infected with 3 × 105 pfu of H101, followed on day 7 p.i. with 50 pfu LCMV 

(Arm) by the i.c. route. (A) Mice were assessed for mortality through day 7 post-LCMV-

infection (day 14 post-H101-infection) (H101 + LCMV). In tandem, B6 littermates were 

mono-infected with LCMV by the i.c. route and assessed for mortality through day 7 post-

LCMV-infection (LCMV). Results present groups of 14 mice per group. *p<0.05, Chi-

Square test. Representative tissue sections of the choroid plexus of the brain stained for CD8 

antigen from H101 mono-infected (B), H101 + LCMV dual-infected (C) and LCMV mono-

infected (D) mice at day 7 p.i. are shown.
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Figure 8. 
H101 infection ameliorated RR-EAE. SJL/J mice were sensitized with PLP139-151 in CFA. 

(A) Sensitized mice were infected i.p. with 3 × 105 pfu of the H101 strain of TMEV at day 

19 post-sensitization (arrow). PLP139–151-sensitized mice were used as a control (No 

treatment). Data are representative of the mean + SEM for groups of 20 mice for the H101 

Treatment group and 19 mice for the No Treatment group. *p<0.05, Student’s t test. (B) 

Quantification of CD3 antigen-positive cells within the spinal cords. Pathologic score was 

calculated as described in the methods. Results represent the mean + SEM for groups of 20 
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mice for the H101 Treatment group and 18 mice for the No Treatment group. †p<0.0001, 

Student’s t test.
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Table 1

H101 Infection Ameliorates RR-EAE.

N Average Clinical
Score

Mean Clinical
Maximum

Cumulative Disease
Index

No Treatment 19 0.68 ± 0.10 1.5 ± 0.34 4.7 ± 1.51

H101 Treatment 20 0.02 ± 0.01* 0.10 ± 0.07* 0.15 ± 0.11*

*
p< 0.01, Student’s t test
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