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Understanding of T cell exhaustion and successful therapy to
restore T cell function was first described using Clone (Cl)
13 variant selected from the lymphocytic choriomeningitis virus
(LCMV) Armstrong (ARM) 53b parental strain. T cell exhaustion
plays a pivotal role in both persistent infections and cancers of
mice and humans. C57BL/6, BALB, SWR/J, A/J, 129, C3H, and all but
one collaborative cross (CC) mouse strain following Cl 13 infection
have immunosuppressed T cell responses, high PD-1, and viral ti-
ters leading to persistent infection and normal life spans. In con-
trast, the profile of FVB/N, NZB, PL/J, SL/J, and CC NZO mice
challenged with Cl 13 is a robust T cell response, high titers of
virus, PD-1, and Lag3 markers on T cells. These mice all die 7 to
9 d after Cl 13 infection. Death is due to enhanced pulmonary
endothelial vascular permeability, pulmonary edema, collapse of
alveolar air spaces, and respiratory failure. Pathogenesis involves
abundant levels of Cl 13 receptor alpha-dystroglycan on endothe-
lial cells, with high viral replication in such cells leading to immu-
nopathologic injury. Death is aborted by blockade of interferon-1
(IFN-1) signaling or deletion of CD8 T cells.
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T cell exhaustion is the cardinal event by which persistent viral
infections and many cancers pivot (1–3). T cell exhaustion (4,

5), the role for reconstituting functional T cells (6, 7), negative
immune regulators (NIRs) in causation, and NIRs removal to re-
store T cell function (1–3, 8–13) were initially discovered and de-
fined from studies of lymphocytic choriomeningitis virus (LCMV)
Clone 13 (Cl 13) infection of C57BL/6 (B6) mice (5, 8–12). Findings
uncovered by Cl 13 infection of mice were subsequently shown to
occur in humans with persistent viral infections and with several
cancers (2, 14–16). While immunotherapy to block NIRs and re-
store T cell function in vivo was effective for those defined inbred
strains of mice studied, by comparison, restoration of T cell function
was only partially effective for humans, ranging from 70% for
melanoma and non-small cell lung cancer to 20% for renal cell
carcinoma. Similar treatments in vitro to block NIRs and restore
T cell functions in persistent viral infections of humans were ef-
fective, but less so than corresponding in vitro or in vivo therapeutic
approaches for persistent viral infections of the few genetically de-
fined mice studied. To begin to resolve this conundrum, we initiated
studies using a broad number of inbred mouse strains and the col-
lection of Collaborative Cross (CC) founder mice (17–19). CC
founder mice and their crosses are now available for mapping of the
mouse genome. Our initial intent was to provide a foundation
necessary to identify distinct genetic loci and genes that control
T cell exhaustion on one hand and a vigorous T cell response on the
other. The intended long-range goal was to identify genes or genetic
markers in mice that may relate to differences where T cell ex-
haustion does or does not occur in humans to help explain dif-
ferent responses observed in treatment of cancers, persistent
infections, or autoimmune diseases (20). These studies would

complement other ongoing mapping studies of outbred human
population in which immunotherapy to block NIRs failed to
restore T cell function.
Here, we report on dramatically different responses following

Cl 13 infection in both genetically defined routine inbred mouse
strains and CC founder mice. Several inbred mouse strains
(C57BL/6, BALB/c, SWR/J, C3H/HeJ) and seven of eight CC
founder mouse strains (C57BL/6, A/J, 129S1Sv/ImJ, NOD/LtJ,
CAST/EiJ, PWK/PhJ, and WSB/EiJ), when given Cl 13, generated
low cytotoxic T lymphocyte (CTL) activity, high PD-1 levels, high
viral titers, and usually low to moderate type 1 IFN levels and
became persistently infected. In sharp contrast, different inbred
mouse strains (FVB/N, NZB, PL/J) and one of eight CC founder
mouse strains, NZO/H1Lt, when given Cl 13, surprisingly gener-
ated robust CTL responses that occurred in the presence of high
titers of virus, high PD-1 and Lag3 markers, and high type 1 IFN
levels. In addition, these mice died from a fatal immunologic-
mediated disease by 7 to 9 d post-Cl 13 infection. Death was
due to leakage of exudate into the lung that compromised respi-
ration. The underlying mechanism was replication of virus in
pulmonary endothelial cells combined with CTL destruction of
such cells. The resultant enhanced vascular permeability was fol-
lowed by leakage of fluids and cells into the lung, leading to dis-
tortion and destruction of pulmonary alveolar air spaces, causing
acute respiratory failure and death. Immunopathologic injury and
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death were aborted by blockage of IFN-1 signaling or deletion
of CD8 T cells.

Results and Discussion
We obtained inbred murine strains FVB/N (H-2q), SWR/J (H-2q),
NZB (H-2d), BALB/c (H-2d), C57BL/6 (H-2b), PL/J (H-2u), SJL/J
(H-2s), and C3H (H-2k) from The Jackson Laboratory or The
Scripps Research Institute (TSRI) vivarium.When groups of four to
six 7- to 8-wk-old males and females from each strain were injected
with 2 × 106 pfu of Cl 13 i.v., SWR/J, BALB/cjd, C3H, and C57BL/
6 mice from both sexes survived, became persistently infected with
virus for varying periods of time over 60 d (Fig. 1A and SI Appendix,

Table S1A), and had life spans over the 60- to 90-d observation
period. However, the same dose and route of Cl 13 into similarly
sexed and aged male or female FVB/N, NZB (21), PL/J, or SJL/J
mice resulted in death by 7 to 10 d (Fig. 1A and SI Appendix, Table
S1A). Before death, these mice surprisingly had high viral titers, had
high levels of type 1 IFN (IFN-1), generated robust antiviral CD8
CTLs, and developed pulmonary vascular permeability, leading to
marked exudate into the lung and distorted and diminished alveolar
air spaces (Fig. 1D,G, andH, Table 1, and SI Appendix, Table S1B:
data shown for FVB/N). Death in FVB/N or NZBmice was aborted
by blockade of IFN-1 signaling using antibody to IFN-1 receptor
(IFNAR) or depleting CD8 T cells (Fig. 1 A–D andG). By contrast,

Fig. 1. Occurrence of either acute death or persistent virus infection following Cl 13 infection of different inbred mouse strains. (A) FVB/N, SJL/J, NZB, and
PL/J mice died 7 to 9 d following i.v. inoculation of 2 × 106 pfu of Cl 13 i.v., but all survived when given 2 × 106 pfu of ARM 53b i.v. By contrast, 100% of C57BL/6,
BALB, and SWR/J mice became persistently infected and lived normal life spans following Cl 13 inoculation. (B) Cl 13-induced death of FVB/N and NZB mice
was aborted by blockage of IFN-1 signaling or deletion of CD8 T cells. (C) Antibody to IFNAR prevents the lethal disease caused by Cl 13, but blockade of either
IFN1-α 1, 4, 5, 11, 13 or -β separately or combined does not. (D) High viral titers in the blood of FVB/N mice 28 d after given Cl 13 when IFN-1 signaling was
blocked or CD8 T cells were deleted. In the absence of these treatments, mice died by day 7 to 9 and had viral titers of 6 × 105 to 1 × 106 pfu/mL of blood at day
five postreceiving Cl 13. Cl 13 infection of C57BL/6 mice resulted in high levels of virus when sampled at day 28. Similar dose and administration of ARM 53b
into FVB/N mice resulted in clearance of virus. Dots record values of individual mice. (E) Significant expression (P ≤ 0.001) of PD-1 and Lag3 on surface of Cl
13-specific CD8 T cells (tetramer selection by immunodominant CD8 T cell epitope) in FVB/N mice (robust T cell response with immune-mediated death) and
C57BL/6 mice (T cell exhaustion and persistent infection). Age- and sex-matched mice were used and given 2 × 106 pfu of Cl 13 i.v. Five days after infection,
tetramer positive FVB/N cells (NP 118 to 126) and C57BL/6 cells (GP 33 to 41) were harvested and studied by FACS. In addition, concentration of PD-1 and
Lag3 molecules on the surface of FVB/N CD8 T cells was significantly (P ≤ 0.001) more than numbers of similar molecules on surfaces of C57BL/6 tetramer
positive CD8 T cells. Each dot records value for an individual mouse. (F) PD-L1 expression is significantly elevated (P ≤ 0.001) on the surface of splenic DCs
obtained from both C57BL/6 and FVB/N at day 5 post-Cl 13 infection compared with naive mice. Significant difference (P < 0.001) between higher expression
on FVB/N infected compared with C57BL/6-infected mice. (G) Expression of Evans blue in lungs of FVB/N mice. (Left to Right) The first panel shows uninfected;
the rest of the panels show infected with Cl 13 and manipulated by blocking IFN-1 signaling or deletion of CD8 or CD4 T cells. (H, Left to Right) FVB/N. (1)
Uninfected lung at 200×magnification; (2) uninfected lung at 400×magnification; (3) Cl 13-infected lung at day 6, 200×magnification; (4) Cl 13-infected lung
at day 6, 400× magnification.
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blocking either IFN1-α 1, 4, 5, 11, or 13, or IFN-β separately, or
with both antibodies combined did not prevent the acute death (Fig.
1 C and G). Thus, either to block IFNAR signaling also required
antibodies to the other seven missing IFN-1α molecules or the
concentration available of the combined antibodies used was not
sufficient to block IFNAR signaling. Deleting CD4 T cells did not

prevent pulmonary exudate or death (Fig. 1G). By contrast, in-
jection of LCMV Armstrong (ARM) 53b virus, 2 × 106 pfu i.v., did
not kill FVB/N or NZB strains (Fig. 1A). At day 5 to 6 post-Cl
13 challenge, FVB/N (Fig. 1D) and NZB mice displayed viral titers
of 2 × 105 to 5 × 106 pfu/mL plasma. PD-1 and Lag3 molecules were
significantly (P < 0.001) enhanced on LCMV-specific CD8 T cells

Table 1. Survival, IFN-1α,β levels, and virus titer of the eight founder CC mice infected with Cl
13 2 × 106 pfu/mL i.v

Mice Survival, d PI

IFN-1 (24 h PI) Viral titer, pfu/mL plasma

IFN-α, ng IFN-β, pg 5* 15* 30* 45* 60*

CC founder
C57BL/6 >60 61 540 8 × 105 1 × 105 7 × 104 2 × 103 Nil
A/J >60 19 1,150 6 × 105 1 × 105 7 × 103 8 × 102 Nil
129S1/SvlmJ >60 36 2,016 4 × 105 2 × 104 6 × 103 9 × 102 8 × 102

NOD/LtJ >60 23 526 2 × 105 2 × 105 2 × 104 7 × 103 8 × 103†

CAST/EiJ >60 9 179 9 × 104 8 × 104 3 × 102 7 × 102 Nil
WSB/EiJ >60 29 196 8 × 105 6 × 104 2 × 104 2 × 103 3 × 103

PWK/PhJ >60 22 354 2 × 105 2 × 103 Nil Nil Nil
NZO/H1Lt <7 56 1,267 1 × 106 Dead — — —

Control
FVB/N <8 55 1,604 1 × 106 Dead — — —

*Days PI.
†NODs’ titer at day 90 post Cl 13 infection was 6 × 103 pfu/mL plasma. Four to six mice per group. The pfu values
indicate the mean for each group of four to five mice. —, mice dead.

Fig. 2. FACS plots for data summarized in Fig. 1 E and F. (A) Mean fluorescence intensity (MFI) of PD-1 and Lag3 molecules on the surfaces of tetramer-specific
CD8+ T cells from C57BL/6 (CTL epitope GP 33 to 41) and FVB/N (CTL epitope NP amino acids 118 to 126) mice 5 d following challenge with 2 × 106 pfu of Cl 13 i.v.
(B) FACS plots specific for PD-L1 molecules on surfaces of conventional dendritic cells (cDCs) of C57BL/6 and FVB/N mice 5 d following challenge with 2 × 106 pfu
of Cl 13 i.v. Each panel records data from a different individual mouse and reflects the response observed routinely in a group of 4 to 5 mice.
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and PD-L1 and Lag3 on CD19−, CD3−, B220-, and CD11c+ splenic
dendritic cells (DCs) in both C57BL/6 and FVB/N mice 5 d after
challenge with Cl 13 compared with naive mice (Figs. 1 E and F and
2). Interestingly, PD-1 and Lag3 expression was significantly (P <
0.001) greater on FVB/N than C57BL/6 virus-specific CD8 T cells
and correspondingly on DCs (Figs. 1 E and F and 2). When anti-
bodies to Lag3 or PD-L1 were used on FVB/N mice infected with
Cl 13, 2 × 106 i.v., seven of seven died at day 5. Similar virus in-
oculated FVB/N mice that were not treated with antibodies died at
day 7 to 9. Enhanced CTL activity was associated with 1.5 to 2 logs
lower viral titers in the lung and sera. Early injury to the lung and
death occurred (seven of seven mice day 5) in these mice compared
with mice not treated with antibodies to PD-1 and Lag3 (seven of
seven mice at day 7 to 9). C57BL/6 and FVB/N mice infected with
Cl 13 had similar and high viral titers (Fig. 1D) but dramatically
different outcomes (Fig. 1 A and B). ARM 53b has identical CTL
epitopes to Cl 13, but inoculation into adult immunocompetent
FVB/N or NZBmice, as well as C57BL/6, BALB, or SWR/J, leads
to generation of CD8+ and CD4+ viral-specific T cells and
clearance of virus by 10 to 15 d postinfection (PI) and a normal
life span. The Cl 13 virus was derived from ARM 53b (8, 9) and
differs from ARM 53b by 3 out of 3,356 amino acids, of which only
two different residues, one on the glycoprotein residue 260 and
one on polymerase at position 1079, play a role in either persis-
tence (Cl 13) or clearance of acute infection (ARM 53b) (22–27).
Cl 13 amino acid on the spike glycoprotein (GP) at residue
260 contains a leucine that binds Cl 13 to its cell receptor alpha-
dystroglycan (α-DG) (26–30). ARM 53b contains a bulky phe-
nylalanine at this position and binds negligibly to α-DG (26, 27,
29, 30). The other amino acid difference is in the viral polymerase
where Cl 13 glutamine at position 1079 favors viral transcription
and replication of virus for 1.5 to 2 logs over ARM 53b that
contains a lysine at the same residue (23, 25).
Different responses of the inbred mouse strains to Cl 13 in-

fection were not H-2–linked. FVB/N H-2q mice succumbed by day
7 to 8 while H-2q SWR/J mice became persistently infected for over
60 d and lived a normal life span. Similarly, NZB mice (H-2d) died
7 to 9 d post-Cl 13 infection while, in contrast, H-2d BALB infected
with Cl 13 became persistently infected for over 60 d and lived
approximately 2 y (21). F1s obtained by crossing mice resistant to
death (C57BL/6) with mice susceptible to death (FVB/N) resulted
in all F1 progeny (seven of seven) dying at 7 to 10 d following Cl
13 challenge (SI Appendix, Table S1A). This indicated dominance
of the lethal phenotype. Two × 106 pfu of Cl 13 administered i.v. to
backcrosses between F1 (FVB/N × C57BL/6) × C57BL/6 or ×
FVB/N resulted in four of ten C57BL/6 or nine of ten FVB/N
progeny dying over a 15-d observation period (SI Appendix, Table
S1A). Similar results were obtained with F1 (C57BL/6 × NZB) ×
C57BL/6 or NZB mice. These findings suggest that lethality may be
due to a limited number of genes. However, because of the com-
plexity of single-nucleotide polymorphism (SNP) analysis for ge-
nome mapping [comparing H-2q mice (FVB/N with SWR/J) or
H-2d mice (NZB with BALB)] (SI Appendix, Fig. S1), we turned
our attention to the eight founder strains of Collaborative Cross
(CC) mice (17, 18) to determine if phenotypes of acute death
segregated from a persistent infection phenotype. CC founder mice
have been sequenced and represent 90% of mus musculus genome
variation. If different phenotypes were to occur among these
founder CC strains with LCMV Cl 13 infection, these different
phenotypes might provide the opportunity to map distinct novel
genetic loci and genes involved in T cell exhaustion and restoration
of T cell activity.
Using acute death or persistent infection as the phenotypic

marker, we inoculated 2 × 106 pfu of Cl 13 i.v. into eight founder
CC mouse strains (A/J, 129S1Sv/ImJ, C57BL/6J, CAST/EiJ,
WSB/EiJ, NOD/ShiLtJ, PWK/PhJ, and NZO/H1Lt) obtained
from The Jackson Laboratory. Seven- to 8-wk-old male or fe-
male mice in groups of at least 4 to 5 mice were injected with Cl

13 along with a group of C57BL/6 or BALB (negative control,
persistent infection, normal life spans) and FVB/N (positive
control, death 7 to 9 d postinoculation) mice. By day 7 to 9, all
NZO mice inoculated with 2 × 106 pfu of Cl 13 i.v. died. They
had high virus and IFN-1 titers before their death (Table 1). In
contrast, the other seven CC founder strains survived Cl 13 in-
fection, lived for over 90 d observation time, and harbored in-
fectious virus for different lengths of time (Table 1, SI Appendix,
Table S1, and Fig. 3A). For example, PWK/PhJ mice were per-
sistently infected for between 15 and 30 d, showing no viremia by
day 30, while NOD/ShiLtJ mice still harbored virus over 90 d
(Table 1) following Cl 13 infection. NZO mice inoculated with
2 × 106 pfu of ARM 53b all generated antiviral CD8 T cell re-
sponses, cleared virus, survived, and lived normal life spans.
Owing to the ease of breeding nonobese diabetic (NOD) and
FVB/N mice coupled with the autoimmune diseases associated
with NOD mice due to robust T cell responses (31–33), we se-
lected NODs as negative and FVB/Ns as positive controls for CC
studies. The ability of Cl 13 to kill 100% of NZO mice was totally
prevented by either use of antibody to IFNAR to abort IFN-
1 signaling or by depletion of CD8 T cells with antibody (Fig.
3B). Both susceptible NZO and FVB/N mice had significantly
higher levels of type 1 IFN-α or -β following Cl 13 infection than
the resistant NOD mice (Fig. 3 C and D). While depletion of
NZO CD8 T cells completely prevented the acute death phe-
notype (Fig. 3), depletion of CD4 T cells protected only 20% of
mice (P < 0.001) (Fig. 3E). From these experiments, it is clear
that action of CD8 T cells and levels of IFN-1 α and β are
markers associated with Cl 13-induced acute death of NZO CC
mice. Death is dependent on CD8 T cells and IFN-1 signaling.
The next series of studies focused on the pathogenesis for

NZO mouse death. Intravenous infection (2 × 106 pfu) of LCMV
ARM into NZO mice resulted in the generation of antiviral
CTLs that cleared virus and did not kill NZO mice (Fig. 3A). By
contrast, injection of the same dose and same route of Cl 13 was
lethal to NZO within 7 to 9 d (Fig. 3A). Cl 13 uses α-DG as its
major receptor while ARM does not (28–30). Alpha-DG is lo-
cated on endothelial cells (30), and Cl 13 virus binds by 1.5 to
2 logs greater affinity to α-DG than does ARM virus (26, 27, 29,
30). Using flow cytometry, we identified pulmonary endothelial
cells using antibody to CD31 (21) and analyzed for Cl 13 or
ARM expression in these cells from infected NZO mice using an
antibody-to-virus nucleoprotein (VL4). As seen in Fig. 4A, 3 d
post-Cl 13 or ARM infections, expression of viral antigen was
negligible in pulmonary endothelial cells. However, by 5 d
postinfection, pulmonary endothelial cells from Cl 13-infected
NZO mice displayed significantly higher expression of viral an-
tigen compared with pulmonary endothelial cells purified from
ARM-infected NZO mice. ARM 53b infection showed the same
negligible expression of viral antigen at day 5, mirroring levels
observed at day 3 postinfection (Fig. 4A). The H-2 type of NZO
mice is not known. To perform a virus-specific T cell assay, we
modified the in vivo protocol of Liu and Whitton (34). Briefly,
5 d after i.v. administration of either Cl 13 or ARM 53b 2 ×
106 pfu, NZO mice and naive control NZO mice were injected i.v.
with 180 μg of brefeldin A (BFA). After 6 h of in vivo stimulation
with these viruses, spleens and lungs were removed, single cell
suspensions were made, and intact cells were stained with anti-
bodies to mark surface expression of CD8, CD4, and B cells,
followed by permeabilization of cells and staining with antibodies
for intracellular cytokines IFN-γ and TNF-α and analysis by flow
cytometry. As shown for lung tissue in Fig. 4A, negligible virus-
specific CD8 CTL recruitment or activity occurred in lungs of
either ARM 53b or Cl 13 infection 3 d postinfection as measured
by intracellular cytokine labeling. These results were similar to
lack of expression for viral antigen in pulmonary endothelial cells
at that time. However, significant expression of intracellular cy-
tokines of isolated virus-specific CD8 CTL in lungs following Cl
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13 infection occurred by day 5 postinfection, paralleling en-
hanced expression of viral antigen in pulmonary endothelial cells
(Fig. 4A). Of interest was the higher amounts of TNF-α compared
with IFN-γ in the virus-specific lung CD8 T cells. High TNF-α levels
correlated with abundant numbers of polymorphonuclear cells in
the lung exudate (Fig. 4 B, Lower). By contrast, negligible re-
cruitment or expressing of virus-specific CD8 T cell activity oc-
curred at day 5 post-ARM infection (Fig. 4A). When Cl 13-infected
NZO mice were perfused with Evans Blue on day 6 postinfection,
usually 1 or 2 d before their death, marked expression of dye
appeared in lungs of Cl 13-infected NZO mice (Fig. 4B), but not in
either uninfected NZO controls (Fig. 4B) or ARM-infected NZO
mice. Histologic examination of lungs from NZOmice infected with
Cl 13 displayed enhanced vascular permeability, cellular infiltration,
and the complete collapse of alveoli (Fig. 4 B, Lower). Cellular
infiltrates were comprised mainly of T cells, clusters of polymorpho-
nuclear cells, monocytes, macrophages, and some plasma cells
(Fig. 4 B, Lower). Study of other tissues indicated modest cellular
infiltration into the glomeruli and tubules of the kidney and into
the liver (SI Appendix, Fig. S2). Disorganization of splenic ar-
chitecture was also observed with Cl 13 infection (SI Appendix,
Fig. S2).
Platelets are essential to maintain vascular integrity and arrest

bleeding from wounded tissues (35, 36), as well as controlling
enhanced vascular permeability during inflammatory reactions
(37). Moreover, in mouse models of LCMV ARM infection,
platelets control hemorrhage, predominantly cutaneous and
from the gastrointestinal tract, which becomes lethal in mice ren-
dered severely thrombocytopenic (38). Of note, the reduction in
platelet count resulting from bone marrow dysfunction during
LCMV ARM infection, often nearly one log, is not sufficient to
cause bleeding as only animals treated with anti-platelet antibody,

reducing the platelet count by nearly three logs, developed lethal
hemorrhage. This is in agreement with human data showing that the
bleeding time test of platelet number and function starts prolonging
when that platelet count is 10,000 per μL and is then proportional to
the number of platelets between 0 and 10,000 (35, 36). We next
asked if Cl 13-induced pulmonary vascular permeability that leads
to leakage of fluids and cells into the lung but with minimal evi-
dence of hemorrhage (red blood cells) was related to a drop of
platelet numbers and/or platelet dysfunction. As seen in Fig. 5 A
and C, Cl 13 lowered platelet counts in NZO and FVB/N mice by
roughly a log but not to levels associated with hemorrhage. These
observations, along with anatomic study of lung showing a paucity of
red blood cell infiltration (Figs. 1 and 4), support the conclusion
that death was likely not due to a viral-induced hemorrhagic disease
but rather to virus-induced enhanced vascular permeability. While
ARM infection also lowered platelet counts (Fig. 5 B and C), in
some instances by nearly a log at 3 to 6 d postinfection, recovery to
normal platelet levels usually occurred by 9 to 12 d postinfection.
Platelet levels following Cl 13 infection never rebounded unless
either IFN-1 signaling was aborted by treatment with antibody to
IFNAR or CD8 T cells were deleted (Fig. 5A). The genome of
LCMV consists of two RNA segments: a short (S) segment where
two genes, the glycoprotein (GP) at the 5′ end and the nucleo-
protein (NP) at the 3′ end are placed, and a large (L) segment
where the Z gene at the 5′ end and the viral polymerase at the 3′
end are located. The virus GP gene is posttranslationally cleaved to
the spike protein (GP1) required to attach to and allow entry into
permissive cells and the GP2 transmembrane component. The NP
and polymerase comprise the transcription complex, and the Z
plays a role in budding. To determine if all genes of Cl 13 were
required for the acute death (Figs. 1 and 3, Table 1, and SI Ap-
pendix, Table S1) and decreased platelet counts (Fig. 5A) in FVB/N

Fig. 3. Occurrence of either acute death or persistent virus infection following Cl 13 infection of founder CC mice. (A) Only NZO CC founder mice died
following i.v. inoculation of 2 × 106 pfu of Cl 13 i.v. while all other CC founders A/J, 129S1Sv/ImJ, NOD/LtJ, CAST/EiJ, WSB/EiJ, PWK/PhJ, and C57BL/6 (B6)
survived and became persistently infected. NZO CC mice did not die from an equivalent dose or route of infection with ARM 53b, lived normal life spans, and
cleared virus. (B) NZO CC founder mice survived Cl 13 infection if their IFN-1 signaling was blocked or CD8 T cells deleted. (C) NZO CC founder mice generated
significantly more IFN-1α than NOD CC founder mice 24 h post-Cl 13 i.v. administration. (D) NZO CC founder mice generated significantly more IFN-1β than
NOD CC mice 24 h post-Cl 13 i.v. administration. (E) Blocking IFN-1 signaling or deleted CD8 T cells from NZO mice prevented their death; deletion of CD4
T cells did not.
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mice, we made chimeric viruses between Cl 13 and ARM where the
S RNA of Cl 13 was matched with the L RNA of ARM and con-
versely the L RNA of Cl 13 placed with the S RNA of ARM (23, 27,
39, 40). Neither acute vascular permeability and death occurred
(zero deaths per seven mice infected with virus containing S RNA
Cl 13/L RNA ARM or zero of seven infected with L RNA Cl 13/S
RNA ARM) nor did platelet numbers drop to hemorrhagic levels
(Fig. 5B). These studies indicated that the two amino acid differ-
ences encoded by genes of Cl 13 compared with genes of ARM (23,
27, 30) GP1 amino acid 260 Cl 13/ARM Leu/Phe for binding to
α-DG the host cell receptor and for entry into permissive endo-
thelial cells and the polymerase amino acid 1079 Gln/Lys important
for enhanced transcription and replication were both required for
these phenotypes (Figs. 1, 3, and 4B). Utilizing chimeric viruses by
resorting genes on S RNA or L RNA of Cl 13 with ARM revealed
that Cl 13 genes encoded on both the S RNA (GP, NP) or L RNA
(Z, polymerase) are required for lethal phenotype in FVB/N mice
(Figs. 1, 3, and 5B). Sequences of the Cl 13 and ARM viruses are
identical for NP and Z, indicating an essential role for Cl 13 GP and
L genes in disease causation. These chimeric viruses lowered levels
of platelets less than a log and then rebounded toward normal
levels. The chimeric virus composed of S RNA of Cl 13 and L RNA
of ARM restored platelet numbers significantly slower than in-

fection with chimeric virus S RNA ARM/L RNA Cl 13 over the
18-d observation period (Fig. 5B).
As the drop in platelet numbers was not able to explain the

observed vascular leakage, we next considered that a defect in
platelet function might be involved. The ability of platelets to
aggregate is essential for maintenance of vascular barrier function.
To test for platelet aggregation function, we mixed platelet-poor
plasma (PPP) from vehicle (control)-treated FVB/N mice and
from NZO and FVB/N Cl 13-infected mice with platelet-rich
plasma (PRP) from untreated animals. Platelets in test and con-
trol PRP were treated with 5 μg of ADP to induce aggregation. As
shown in Fig. 5C, Cl 13 and ARM infection lowered platelet
counts to similar levels 3 d postinfection. After that, by day 6,
platelet levels dropped in Cl 13-infected NZO mice but
rebounded with ARM infection and were restored to pre-
infection levels by day 9 postinfection. Fig. 5D indicates that,
while aggregation was notable throughout the experiment time
scale when platelets were mixed with control PPP, in contrast,
platelets mixed with PPP from FVB/N or NZO Cl 13-infected
mice failed to aggregate. Our findings in FVB/N and NZO mice
following Cl 13 infection mirrored our (41) observations and
others (42) for Lassa virus (LASV) infections of humans in terms
of an inhibitor of platelet aggregation found in plasma. LASV

Fig. 4. The pathogenesis of acute death of founder NZO CC mice after Cl 13 infection was due to viral replication in pulmonary endothelial cells, generation
of virus-specific CD8 T cells, and their interaction leading to enhanced vascular permeability with exudate into the lung. Consolidation and collapse of alveolar
air spaces resulted in respiratory failure. (A) At 3 d post-Cl 13 or ARM 53b infection, negligible viral replication in pulmonary endothelial cells or infiltration of
virus-specific CD8 T cells into the lung occurred. By day 5 postinfection, the same phenotype of viral antigen expression in pulmonary endothelial cells and
migration of virus-specific CD8 T cells into the lungs as witnessed for day 3 was found in NZO mice infected with ARM 53b. In contrast, with Cl 13 inoculation
5 d postinfection, abundant replication of viral antigen in pulmonary endothelial cells occurred with detection of virus-specific CD8 T cells into the lung.
(B, Upper) Leakage of Evans blue in the lung of untreated (naive) or Cl 13-treated (NZO1, NZO2, NZO3) mice. (B, Lower) The resultant histopathology of mice
from each identified group. (Lower Left to Right) Naive at 400× magnification; NZO1 at 200× magnification; NZO2 at 400× magnification; and NZO3 at 200×
magnification.
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and LCMV are members of the Old World arenaviridae family
and share many similarities in structure, cell biology, receptor
usage, and CTL activity (43). Presence of a plasma inhibitor of
platelet aggregation was not found in ARM-infected FVB/N or
NZO mice, nor was it present in mouse strains persistently in-
fected with Cl 13.
Five important points emerged from studies reported here.

First, one of serendipity. C57BL/6 mice were selected to explore
CTL responses to LCMV Cl 13 and LCMV ARM because of
their established genetic and immunologic profiles. Similarly,
BALB and SWR/J mice were used for H-2 controls. Results led
to findings of T cell kinetics, T cell exhaustion, NIR, and the
development of therapeutics to NIR to restore T cell function.
However, if different strains like FVB/N, PL/J, or NZB were
utilized instead, the scenario of T cell malfunction and restora-
tion would have been replaced by studies of acute death, en-
hanced vascular permeability, and lung immunopathology.
Second, the segregation of NZO CC mice from other CC
founder mice and of several non-CC genetically inbred mouse

strains as to death or persistent virus outcomes following Cl
13 infection was associated with CD8 T cell generation, high
virus titers, high concentration of PD-1 and Lag3 molecules on
the surface of virus-specific CD8 T cells, IFN-1 signaling, and
platelet abnormalities. Both IFN-1α 1, 4, 5, 11, and 13 and β
signaling and Cl 13 genes on the S RNA (glycoprotein) and L
RNA (polymerase) are required for the lethal phenotype. Third,
the separation of CC founder NZO mice from the other seven
founder CC lines using lethality or persistent infection as
markers with clear black and white phenotypes following Cl
13 infection should provide a lucid path for mapping genetic loci
and genes associated with T cell exhaustion versus a robust T cell
response. In addition, CC NZO and inbred FVB/N mice dis-
played significant differences in IFN-1 signaling levels compared
with CC founder NOD mice after Cl 13 challenge. While NZO
and FVB/N mice died by 7 to 9 d post-Cl 13 infection, CC NOD
mice lived longer life spans, persistently carried virus up to the
90-d period of observation, and developed autoimmune diseases.
Fourth, the interaction between pulmonary endothelial cells

Fig. 5. Platelet counts in FVB/N (A and B) and NZO CC founder mice (C) following 2 × 106 pfu i.v. of either Cl 13 or ARM 53b. (A–C) Demonstrated drop in
platelet counts in FVB/N and NZO mice following Cl 13 infection. Restoration of platelet counts by blockage of IFN-1 signaling (A, Left) or deletion of CD8
T cells (A, Right) are shown. (B) Display of the role of chimeric viruses between two segments of LCMV Cl 13 and ARM 53b in effecting platelet count. Two
genes, the GP and polymerase, of Cl 13 were required for inability to rebound the low platelet count (orange, S RNA ARM/L RNA Cl 13; red, S RNA Cl 13/LRNA
ARM). S RNA of LCMV contains viral genes for GP and NP while the L RNA of LCMV contains the Z and polymerase (L) genes. The sequences of Z and NP of Cl
13 and ARM are identical while the GP and L differ by one amino acid each (23–25, 27, 48). (D) Aggregation profile of the plasma inhibitor harvested from
FVB/N and NZO mice 5 d post-Cl 13 infection. Plasma was coated on normal platelets and stimulated with ADP, a platelet agonist. Inhibitor of platelet
aggregation was found in plasma of Cl 13-infected FVB/N and NZO mice but not in plasma from uninfected mice.
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expressing LCMV antigen and LCMV-specific CD8 T cells leads
to immune-mediated injury. Likely, early events in T cell gen-
eration, perhaps related to IFN signaling, modulate different
ratios of virus-specific T cells that reacted with different con-
centration of viral antigens in related cells, like pulmonary en-
dothelial cells, to cause totally different biologic outcomes. One
result is excessive immunopathologic injury in FVB/N, NZB, PL/
J, and NZO CC mice, leading to death. A different biology may
occur when Cl 13 elicited a different ratio of virus-specific T cells
in C57BL/6, BALB, SWR/J, and the seven other CC founder
mice that led to persistent infection and normal life span. These
findings were reminiscent of those of Welsh and coworkers (44,
45), who noted by changing dosage of Cl 13 inoculated into
C57BL/6 mice either acute clearance, lethal disease, or persis-
tent infection occurred. As anticipated in FVB/N mice infected
with Cl 13, blockage of NIR was associated with high CD8 T cell
activity and significantly lower viral titers, exacerbated immu-
nopathologic injury, and an earlier death (day 5, seven of seven
mice vs. the expected death at day 7 to 9, seven of seven
nonantibody-treated mice).
Fifth, observations on the pathogenesis of the acute lethal

disease in CC NZO, as well as inbred FVB/N, NZB, and PL/J
mice, are likely to provide insight into human arenavirus disease
like that caused by LASV. Cl 13 and LASV have the same de-
pendence on α-DG as the cellular receptor for viral entry (28, 30,
46). Lassa virus in humans and Cl 13 in mice both target pri-
marily endothelial cells, dendritic cells, and macrophages and
display a near absence of necrotic injury in tissues they infect (30,
43, 47, 48). NZO, FVB/N, and NZB mice generate viral CTLs
following Cl 13 infection, and their interactions with pulmonary
endothelial cells that expressed high levels of viral antigens due
to possession of cellular receptor, α-DG, led to enhanced vas-
cular permeability, leakage of fluids and cells into the lung. Both
LASV infection of humans and infection of NZOs, FVB/N, and
NZB mice were accompanied by a log or more drop in circu-
lating platelet counts, but to levels not sufficient to cause hem-
orrhage (21, 41, 49). However, viral infection likely interfered
with the ability of platelets to maintain the integrity of the vas-
cular endothelium by plugging up holes in the vascular endo-
thelium (50), thereby encouraging further enhanced vascular
leakage. LASV infection of humans causes defects in platelet
aggregation (41, 42, 49) as did Cl 13 infection of NZO and FVB/
N mice (Fig. 5). These findings, coupled with anatomic study of
injured tissues from LASV and Cl 13 infection, suggest that
disease caused by LASV is likely a disease of virus-induced
vascular permeability rather than a viral hemorrhagic disease.
Research—on platelet signaling, platelet interaction with CTL,
IFN-1 signaling, a careful analysis of platelet function in arena-
virus infection of mice in appropriately defined strains, and the
role of IFN-1 signaling on α-DG, viral entry, and CTL genera-
tion, with their relationship to similar studies in humans with
LASV infection—should lead to a better understanding of
pathogenesis, better diagnostic and therapeutic approaches, and
insight into humans infected with LASV and other infections
characterized by excessive vascular permeability leading to end
organ damage (21, 30, 48, 49, 51).

Materials and Methods
Mice and Viruses. C57BL/6, BALB, SWR/J, NZB, FVB/N, A/J, PL/J, SJL/J, C3H/HeJ,
129S1Sv/lmJ, NOD/LtJ, NZO/H1Lt, CAST/EiJ, PWK/PhJ, and WSB/EiJ mice (6 to
8 wk of age) were obtained from the rodent breeding colony at The Scripps
Research Institute (TSRI) or The Jackson Laboratory. All mice weremaintained
in pathogen-free conditions, and handling conformed to the requirements of
the NIH, TSRI Institutional Animal Care and Use Committee, and the American
Association for Accreditation of Laboratory Animal Care (AAALAC). LCMV Cl
13 and LCMV ARM 53b were grown, stored, and quantified according to
previously published methods (8, 26–28). Mice were infected by i.v. injection
of 2 × 106 plaque forming units (pfu) of virus. Both male and female mice
were used and were equally susceptible to Cl 13 infection. For quantification

of viremia, blood was drawn from the retroorbital sinus under isoflurane
anesthesia, serum or plasma was obtained, and viral loads were quantitated
by measurement of pfu on Vero E6 cells (9, 26, 28). Tissues (spleen, lung,
liver, kidney, heart, and brain) were harvested from euthanized mice and
frozen at −80 °C. At time of infectious assay, tissues were thawed, weighed,
and homogenized in sterile media (5% FCS) to 10% wt/vol and clarified by
low-speed centrifugation, and the resultant supernatant was utilized in
plaque assays (9, 26).

Antibody Reagents and Treatments. To abort IFN-1 signaling, mice were
treated intraperitoneally (i.p.) with monoclonal antibody to IFN-1 receptor
(IFNAR) using antibody MAR1-5A3, IFN-1α with antibody clone TIF-
3C5 that blocks only α-1, 4, 5, 11, and 13 or IFN-1β with clone HDβ-4A7 as
described (52, 53). For deletion of CD8+ T cells, we used monoclonal anti-
body YTS169.4, and, for depletion of CD4+ T cells, GK1.5 monoclonal anti-
body as described (21, 27). Efficiency of CD8+ and CD4+ T cell depletion
was >98% as assayed by FACS analysis of blood and spleen cells on day 4.
VL4 antibody to LCMV nucleoprotein was purchased from BioXCell and used as
reported (53). CD31 antibody was purchased from Biolegend (Clone 390) and
used as reported (21). Reagents and procedures used to detect PD-1, PD-L1,
AND Lag3 at DCs have been reported (3, 11).

ELISA. Reagents to measure alpha and beta IFN-1 and their analysis were
performed as described (52, 53).

Pulmonary Endothelial Studies. Mice were perfused with 10 mL of PBS by
cardiac puncture, and lungs were harvested, diced, and suspended in 1 mL of
dissociation buffer (1 mg/mL Collagenase D, 100 μg/mL Dnase I) for 30 min at
37 °C. Tissue was processed through 100-μm filters into single cell suspen-
sion. Then, 10 mL of Roswell Park Memorial Institute (RPMI)-1640 media was
passed through the filters, and material was collected and centrifuged at
500 × g at 4 °C, and decanted, and the collected supernatant was suspended
in 1 mL of RBC lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 100 mM EDTA).
After 1 min, 10 mL of cold RPMI buffer was added, and cells were spun at
500 × g at 4 °C, decanted, and resuspended in 1 mL of FACS buffer (2% FBS
in 1× PBS). Cells were plated at 1 × 106 cells per well in a 96-well v-bottom
plate. Antibodies against CD31-APC (Clone 390; Biolegend), CD45-BV421
(Clone 30F11; Biolegend), CD19-PerCP-Cy5.5 (Clone 6D5; Biolegend), alpha-
dystroglycan (α-DG) antibody [Clone IIH6, a gift from Kevin Campbell (Uni-
versity of Iowa School of Medicine)] were diluted 1:200 and added to wells
for 1 h at 4 °C, and cells washed and followed by anti-mouse IgM-FITC
(Jackson ImmunoResearch) at 1:300 dilution for 30 min at 4 °C. Cells were
fixed with 4% paraformaldehyde and gated on CD45−, CD19−, CD31+, and
α-DG+ on an LSR-II (Becton Dickinson). To perform LCMV-antigen staining,
all surface staining for pulmonary endothelial cells was done as above
without α-DG antibody. The cells were fixed, permeabilized using Cytofix/
Cytoperm kit (BD biosciences), and stained with anti-LCMV NP-FITC (Clone
VL-4; BioXCell) at 1:400 dilution for 1 h at 4 °C. Samples were gated on
CD45−, CD19−, CD31+, and anti-LCMV NP+ on LSR-II (Becton Dickinson).

Vascular Permeability. Infected and control mice at day 5.5 to 6 postinfection
received 200 μL of Evans Blue dye (0.5% in PBS). After 20 min., mice were
lethally anesthetized and perfused by intracardiac injection of 10 mL of PBS.
Lungs were harvested and photographed, and Evans Blue in the lung was
extracted and quantified (21).

Tissue Histology and Cell Isolation. Spleen, lungs, liver, kidneys, heart, and
brain were harvested from infected and control mice placed in PBS-buffered
formalin and blocked in paraffin, and 10-μm sections were cut and stained
with hematoxylin and eosin. Lungs harvested from PBS-perfused mice were
initially diced into small pieces for analysis.

FACS. To detect expression of α-DG on or viral antigen expression in pul-
monary endothelial cells or CD8 T cells in the lung, we followed procedures
of Baccala et al. (21) and Sullivan et al. (27). Isolation and identification of
DCs and use of antibody to PD-1 and PD-L1 have been outlined in our
publications (11, 26, 29, 52, 53).

In Vivo CTL. We used a modification of the Liu and Whitton method (34).
Briefly, NZO mice were infected with LCMV CL 13 or ARM 2 × 106 pfu i.v. Five
days later, mice were injected i.v. with 180 μg of BFA in PBS. After 6 h, mice
were perfused by cardiac puncture with 10 mL of PBS. Lungs were harvested
in cold RPMI, chopped into small chunks, and suspended in 500 μL of dis-
sociation buffer (1 mg/mL Collagenase D, 100 μg/mL Dnase I) on ice for
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30 min. Tissue was processed into a single cell suspension by pushing
through 100-μm filters. Filters were washed with 10 mL of RPMI, and the
suspension was collected and centrifuged at 500 × g at 4 °C. The resultant
supernatant was decanted and resuspended in 1 mL of RBC lysis buffer
(150 mM NH4Cl, 10 mM KHCO3, 100 mM EDTA) for 1 min. Thereafter, 10 mL
of cold RPMI buffer was added, cells were spun at 500 × g at 4 °C, super-
natant was decanted, and cells were resuspended in 1 mL of FACS buffer
(2% FBS in 1× PBS). Spleen and lung samples were stained with CD8-APC/
Fire750 (Clone 53-6.7; BioLegend), CD4-PerCP-Cy5.5 (Clone GK1.5; BioLegend),
and B220-FITC (Clone RA3-6B2; BioLegend) at 1:200 dilution for 1 h at 4 °C,
fixed, and permeabilized using a Cytofix/Cytoperm kit (BD Biosciences).
Samples were then stained with TNFα-BV421 (Clone MP6-XT22; BioLegend),
IFNg-PE (Clone XMG1.2; BioLegend), and IL-2-APC (Clone JES6-5H4; BioLegend),
diluted 1:400 for 18 h at 4 °C. Samples were gated on CD8+, B220−, CD4+,
TNFα+, and IFNγ+ on an LSR-II (Becton Dickinson). The 51chromium assay has
been reported in our publications (26, 53).

Platelet Studies. Blood (0.5 to 1mL) was collected from the retroorbital plexus
into a 1.5-mL capillary tube containing 200 μL of Tris-buffered saline (TBS)/
heparin (20 U/mL). Blood was pooled into a 15-mL conical tube with the
addition of Tyrode’s buffer, pH 7.4 (a 2:5 ratio) and then centrifuged at
100 × g for 7 min at room temperature. Platelet-rich plasma (PRP) was re-
moved and stored at room temperature and used within 1 h. Platelet con-
centrations were measured using an IDEXX ProCyte Dx Hematology

Analyzer. Platelet aggregation was performed using a 1:1 mix of infected
plasma and uninfected PRP. Platelets were stimulated with 5 μmol/L ADP.
Aggregation was assessed using a Chronolog Aggregometer (Model 450)
with the Aggrolink software package, version 8 (Chronolog). Aggregation
was measured as a maximum percentage of change in transmission of
light from baseline, using platelet-poor plasma (PPP) as a reference
baseline.

Statistical Analysis. Group comparisons were analyzed by ANOVA in the Prism
software package. Experiments were performed in triplicate to ensure re-
producibility. P < 0.05 was considered significant.
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