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and expanded 12-fold by week 6 of age (Fig 1C), consistent with previous findings [25]. Due to

this significant reduction in T cells and the importance of these cells in clearing LCMV, we

questioned how this would impact immunopathology, viral clearance and T cell immunity.

Adult mice infected with the typically used dose of LCMV Armstrong (5x104 PFU) clear virus

within one week, develop a strong CD8 T cell response, and have minimal immunopathology

[14]. After preliminary studies, where neonates infected with adult doses of LCMV showed

severe lethality, neonates were infected with a 1000-fold lower dose, 50 PFU, and still had over

80% mortality, with neonates succumbing to infection between 8–10 days post infection (Fig

1E). In contrast, when 12- or 18-day old mice were infected with 50 PFU of LCMV there was

100% survival, indicating that only mice younger than 12 days of age were exceptionally sus-

ceptible to LCMV-induced mortality (Fig 1E).

Neonates infected with 5, 50 and 500 PFU of LCMV all had similar mortality rates (62–

80%), with similar kinetics (mean survival 7–10.5 days post infection) (Fig 1F). Histology of

lungs and livers in surviving infected neonates displayed enhanced mononuclear infiltrates at

day 9 post infection, which is the peak of the CD8 T cell response in adult LCMV infection

and the time point when the majority of the neonates were succumbing to infection (Fig 1G).

This high rate of mortality was surprising, as LCMV is a nonlytic virus and this strain of

LCMV does not cause mortality in adult mice inoculated by this route. With other strains of

LCMV, such as clone 13 when given at an intermediate dose (2X105 PFU), or if LCMV Arm-

strong is injected intracranially, T cell-mediated mortality has been found in adult mice [17–

19, 26, 27].

Surviving neonatal mice clear virus with delayed kinetics

In adult mice infected with LCMV Armstrong, virus replicates predominantly in the spleen

and lymph nodes, but it does infect other organs including the liver and kidney [14, 28] (Fig

2A–2C). In this study, in adult mice LCMV replicated at low levels in the kidneys, lungs and

liver, with viral loads peaking between 3.2–3.6 log10 PFU/gram of organ (Fig 2A–2C). The

peak of virus replication was day 3 in the lung and day 6 in the kidneys and liver, with clear-

ance from all organs on day 9 (Fig 2A–2C). Compared to adult mice, neonates had at least

400-fold higher viral loads, and viral clearance was delayed by 5 days in the liver and by up to

12 days in the kidney and lung. LCMV replicated in kidneys, lungs and liver to over 6 log10

PFU/gram of organ in neonates (Fig 3A–3C). Virus replicated to these high levels in every neo-

nate tested, but, due to the high mortality rate, only a small surviving percentage could be

examined at day 14 post infection. At this later time point the majority of the surviving mice

had cleared virus and by 3 weeks post infection virus was not detectable (Fig 2A–2C). These

data show that viral clearance was protracted in neonatal mice, even during infection with

10,000-fold lower doses of LCMV Armstrong (5 PFU). Furthermore, the levels of virus were

significantly higher in neonates compared to adults, even though they are infected with a

much lower dose.

Fig 1. 7-day-old neonatal mice are highly susceptible to LCMV(Armstrong)-induced mortality and immunopathology. At

week(s) 1, 2, 3, 4, 5 and 6 of age the frequency (A and C) and total number (B and D) of splenic CD8 (A and B) and CD4 (C and

D) T cells were determined by surface staining from naïve mice. Data are from at least 2 similar experiments with 6–10 mice/

group. (E) Mice at 18, 12 and 7 days of age were infected with 50PFU of LCMV Armstrong ip in 50ul and survival was

monitored until day 14 post infection. (F) Day 7 neonates were infected with 500, 50 or 5 PFU of LCMV Armstrong and

survival was monitored until day 14 post infection. Data are from 1–3 similar experiments. n = 3–16 mice/group. (G) Lung and

liver sections were stained with H&E. (Gi) Naïve lung showed no pathology. (Gii) Day 9 post infection with LCMV showed

mononuclear infiltrate and edema in the lung. (Giii) Naïve liver shows no pathology. (Giv) Liver from day 9 post LCMV

Armstrong infection shows numerous patches of mononuclear infiltrates. Arrows highlight pathology.

https://doi.org/10.1371/journal.ppat.1009066.g001
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Neonatal mortality during LCMV infection is T cell and perforin-

dependent

The death rate of neonates infected with low doses of LCMV Armstrong and the immunopa-

thology of their vital organs resembled what has previously been observed in adult male mice

infected with an intermediate dose (2x105 PFU) of the more widely disseminating LCMV

clone 13 strain administered intravenously (i.v.) [19]. In adult B6 mice an intermediate dose of

LCMV clone 13 i.v. results in approximately 60% mortality, which was found to be mediated

by T cell responses, as infection of TCRβ knockout (KO) mice and mice depleted of CD8 T

cells resulted in 100% survival [17–19]. We questioned if neonates were dying of a similar

mechanism. TCRβ KO neonates infected with 50 PFU of LCMV Armstrong had 100% sur-

vival, while wildtype B6 neonates had only ~20% survival (Fig 3A). To further examine which

T cell subsets were causing death, neonates were depleted of either CD4 or CD8 T cells using

monoclonal antibodies (Fig 3B). Neonates depleted of CD4 T cells showed no difference in

either the kinetics or the frequency of mortality. Depletion of CD8 T cells significantly reduced

mortality to only 55% and increased mean survival from 9.5 days in control neonates to 13

days. Furthermore, lethality in neonates was not directly due to viral load. TCRβ KO neonates

at day 9 post infection had 6 log10 PFU virus/gram in kidney, lung and liver, levels that were

Fig 2. Clearance of LCMV Armstrong is delayed in neonates. A-C. Viral load was determined in (A) kidney, (B) lung and (C) liver of both neonates

infected with 5 PFU and adults infected with 5x104 PFU of LCMV. Viral load was determined by plaque assay and log10 PFU was calculated per gram of

organ to compare adult to neonate. Averages of 4–8 mice/group are shown from at least two separate experiments. The detection limit of the plaque assay

for kidney, lung and brain is 1 log10; the liver is 2 log10.

https://doi.org/10.1371/journal.ppat.1009066.g002
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Fig 3. 7-day-old neonates die from T cell-mediated immunopathology during LCMV Armstrong infection. (A)

7-day-old TCRβ KO neonates (n = 14) and wildtype B6 controls (n = 7) were infected with 50 PFU of LCMV

Armstrong and survival was monitored until day 14 post infection. B6 50 PFU neonates are the same as in Fig 1A and

1B. Data are from 2 similar experiments. (B) 7-day-old B6 neonates were infected with 5 PFU of LCMV Armstrong

and treated with 50ug of either anti-CD8 (n = 13), anti-CD4 (n = 16) or IgG control (n = 4) on days 0, 4 and 8 post

infection. Data are from 3 similar experiments. (C) Viral load in TCRβ KO neonates was determined by plaque assay

in kidney, lung and liver on day 9 post infection with 50PFU of LCMV Armstrong. Data are from two similar

experiments. (D) Mortality curve of IgHa.gld mice treated with anti-IFNγ and Enbrel (entercept) infected with 5 PFU

of LCMV Armstrong. Control mice include B6.IgHa and GLD.IgHa mice treated with PBS and control IgG1. n = 6–13

mice/group from at least two similar experiments. (E) Mortality curves for perforin KO neonates compared with

wildtype B6 neonates after infection with 5 PFU of LCMV Armstrong. n = 11–16 mice/group. Data are from two

similar experiments.

https://doi.org/10.1371/journal.ppat.1009066.g003
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