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The outcome of viral infections is dependent on the amount of tissue destruction caused either by direct lysis
of infected cells and/or by immunopathology resulting from the immune response to the virus. We investigated
whether induction of tolerance to only one viral protein could reduce immunopathology caused by nonlytic
lymphocytic choriomeningitis virus (LCMV) in perforin-deficient hosts. Earlier studies had shown that LCMV
infection results in aplastic anemia and death in most of these mice and that this is associated with bone
marrow infiltration by antiviral cytotoxic T lymphocytes (CTL) that secrete inflammatory cytokines. We report
here that perforin-deficient mice exhibit severe immunopathology in multiple organs that is characterized by
infiltration of anti-LCMV CTL that secrete large amounts of gamma interferon (IFN-g) and tumor necrosis
factor alpha (TNF-a). Importantly, this immunopathology is significantly reduced and long-term survival of
LCMV infection is increased in perforin-deficient mice expressing LCMV nucleoprotein (NP) in the thymus
(and therefore deleting most of their LCMV-NP CTL) compared to the situation in thymus nonexpressors. This
is due to the selective reduction of NP-specific CTL responses and their inflammatory-cytokine (IFN-g and
TNF-a) secretion and to a lack of pathogenetically relevant compensatory responses to other viral proteins.
Thus, “selective reduction” of the antiviral immune response to only one viral protein can significantly reduce
inflammatory immunopathology and might be a therapeutic possibility for certain nonlytic infections.

Immunopathology caused by the immune response against a
virus can be instrumental in determining the outcome of an
infection (6, 12, 29). Consequently, nonlytic or latent viruses
can persist in the absence of a strong immune response without
causing immunopathology; these include cytomegalovirus (1),
herpes simplex virus (16, 19, 20), and at-birth-transmitted lym-
phocytic choriomeningitis virus (LCMV) (6). In contrast, non-
lytic infections can cause death due to immunopathology if
they induce immune responses that localize to more sensitive
areas of the body such as the brain, which is affected in intra-
cranial LCMV infection (15). Consequently, a strong immune
response is beneficial in clearing infections with lytic viruses so
as to limit tissue destruction or prevent infection-associated
immunosuppression as seen in measles (8), but for many viral
infections the precise in vivo balance between direct lysis of
infected cells and immune system-mediated damage is not
known. Predictions are hampered by the fact that in vitro
cytopathic effects cannot be directly translated into in vivo
pathology, because the types and quantity of specific cells in-
fected in vivo may vary considerably depending on the prop-
erties of the virus (21). Thus, the best treatment strategy is
difficult to define, and the principal goal in antiviral therapy
has been the use of antiviral drugs in situations where protec-
tive immunity (reviewed in reference 27 for LCMV) prior to
first exposure cannot be induced. However, many infections,
for example human immunodeficiency virus, can persist even

in the presence of an initially strong immune response (5) or in
the presence of antiviral therapy (28). For precisely these sit-
uations it might be beneficial to dampen antiviral immunity,
especially since direct antiviral agents would be able to control
the potentially higher viral titers. Some recent studies have
demonstrated that depleting cytotoxic CD8 T lymphocytes
(CTL) is beneficial in reducing immunopathology (4). How-
ever, depletion of whole T-lymphocyte subsets in vivo can
result in generalized severe immunosuppression. Therefore,
the goal of our present study was to investigate whether toler-
ance to only one viral protein could reduce immunopathology
in an infection model with a noncytopathic virus. Earlier stud-
ies by us (24) and others had shown that lowering the response
to one viral protein increased compensatory responses to other
viral proteins. We sought to determine whether such compen-
satory responses would negate any beneficial effect that selec-
tive tolerance might have in chronic immunopathology.

The model system we chose was LCMV infection of per-
forin-deficient mice that express the viral nucleoprotein (NP)
as a transgene in the thymus. We chose central (thymic) over
peripheral tolerance, since deletion is permanent and not po-
tentially transient (peripheral immunization [2]) and therefore
offers a “cleaner” experimental system to test the general fea-
sibility of our hypothesis. In normal H-2b mice, LCMV is rec-
ognized by CTL directed to three major epitopes located in the
glycoprotein (GP-1 and GP-2) and nucleoprotein (NP) (27).
Transgenic mice expressing the LCMV-NP in their thymus
were previously described by us (24, 25) and delete the major-
ity of their high-affinity LCMV-NP-specific CTL via negative
selection. Some CTL can still emerge to the periphery, prob-
ably due to the affinity dependence of the thymic selection
process (3). The number of NP CTL in the periphery is much
lower in H-2b mice than in H-2d thymic expressor mice, most
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probably because the affinity recognition of the NPb peptide is
higher than that of the NPd peptide and therefore negative
selection may occur more efficiently (24). To achieve optimal
lowering of NP CTL, we therefore chose the H-2b background
for the present study. The LCMV NP thymic expressor line we
used expresses NP in the thymus and pancreas but not in other
organs (RIP-NP) (25). Diabetes and islet infiltration usually
observed in RIP-NP H-2b C57BL/6J mice following LCMV
infection (25) does not occur in any offspring when these mice
are crossed with perforin-deficient SV129J mice, because the
SV129 (H-2b) background due to major histocompatibility
complex (MHC) nonlinked genes (25a) conveys resistance to
islet destruction and diabetes.

Perforin-deficient SV129 H-2b mice have been generated by
several laboratories (13, 26). These mice become chronically
infected with LCMV because, among other factors, lytic activ-
ity of CTL is required to eliminate LCMV from infected cells
(14). Ongoing immune system activation leads to bone marrow
infiltration of LCMV CD81 lymphocytes, which results in pro-
found aplastic anemia and death of the majority of animals
within 1 to 2 months (4). Thus, LCMV-infected perforin-defi-
cient mice are a good model for persistent infection with on-
going immunopathology.

In the present investigation, we found that perforin-deficient
mice crossed to LCMV-NP thymic expressors profit from
dampening their virus specific immune response to only one
viral protein when chronically infected with LCMV. Cytokine
secretion in response to LCMV-NP and, consequently, immu-
nopathology was significantly reduced, and more mice sur-
vived. Importantly, no pathogenically relevant, compensatory
increase of immune responses to other viral proteins was ob-
served. Viral titers were not altered. However, the long-term
survivors exhibited lower LCMV-specific cytokine production,
resulting in a stable but not progressive degree of immunopa-
thology. These findings show that in chronic viral infections,
dampening of the immune response can be beneficial and
might have potential importance for improving the outcome of
some infections, if a strategy for inducing selective peripheral
immunotolerance can be devised.

MATERIALS AND METHODS

Transgenic mice. RIP-NP H-2b (backcross F9 to C57BL/6J) transgenic mice
expressing LCMV NP in their thymus and pancreas but not in other organs were
generated in our laboratory and previously characterized (25). Perforin-deficient
H-2b SV129 mice were obtained from Craigh Walsh (26) and were crossed with
the RIP-NP transgenic mice. F1 animals were crossed back to the perforin-
deficient mice for one generation, and the resulting F2 backcrosses were used for
all experiments. Four experimental groups were obtained: perforin-competent
(heterozygous) or -deficient mice that did or did not express LCMV-NP in their
thymus. The nomenclature we are using throughout this paper is as follows:
perforin heterozygous, NP negative 5 p1/2 NP2; perforin heterozygous, NP
positive 5 p1/2 NP1; perforin negative, NP negative 5 p2/2 NP2; perforin
negative, NP positive 5 p2/2 NP1. In some studies, regular C57BL/6J (H-2b

perforin-competent) mice were used as an additional control. These are labeled
B6 p1/1 or p1/1 (b).

RNA analysis and RNase protection assays. RNA was extracted from cells and
organs by the guanidinium isothiocyanate method (7). Total RNA (10 mg) was
analyzed by RNase protection assay exactly as described previously (10). The
mIL-1a(B), mIL-1b(A), mIL-2(A), mIL-3(B), mIL-4(B), mIL-5(C), mIL-6(B),
mIFNg(B), mTNFa(A), mTNFb(A), and mL32(A) subclones in the pGEM-4
transcription vector were described in a previous report (11). The mCD4(IC),
mCD3g(IC), mCD8a(DM), and F480 subclones in the pGEM-4 vector were also
previously described (10). The content of T-cell and macrophage marker and
cytokine RNA in various organs was quantitated by phosphorImager analysis
with Optiquant image analysis software (Packard, Meriden, Conn.).

Analysis of glucose levels in blood. Blood samples were obtained from the
retro-orbital plexus of mice. The levels of glucose were determined by using the
ACCUCHECK II instrument (25).

CTL and antibody assays. CTL activity was measured in a 5- to 6-h in vitro
51Cr release assay as described previously (23–25). To determine CTL recogni-
tion and lysis, syngeneic or allogeneic target cells were infected with LCMV

strain ARMSTRONG at a multiplicity of infection (MOI) of 1, recombinant
vaccinia viruses expressing the full-length LCMV ARM GP (MOI 5 3) or
full-length NP (MOI 5 3), or uninfected target cells coated with LCMV peptides
GP from amino acids (aa) 33 to 41 or 276 to 286 or NP from aa 396 to 404, all
H-2b (Db) restricted, or NP aa 118 to 127 that is H-2d (Ld) restricted. We used
20 to 0.02 mg of peptide per 104 target cells for in vitro CTL affinity assessment,
unless otherwise indicated. Assays with splenic lymphocytes used effector-to-
target ratios of 50:1, 25:1, and 12.5:1, while those with CTL clones or secondary
CTL lines used ratios of 5:1, 2.5:1, and 1:1.

Histology and immunocytochemistry. Tissues taken for histologic analysis
were placed in Bouin’s fixative and then stained with hematoxylin and eosin.
Immunochemical studies were carried out on 6- to 10-mm cryomicrotome sec-
tions as described in our previous publications (23). This allowed immunostain-
ing of organs for expression of MHC class I and II, CD4, CD8, B220, F4/80, and
NLDC. These antibodies are available from Pharmingen (San Diego, Calif.).

Viruses. Virus stocks consisted of LCMV ARM (clone 53b) and vaccinia
virus-LCMV GP and NP recombinants that expressed LCMV GP aa 1 to 398 and
LCMV NP aa 1 to 558. The viruses were plaque purified three times on Vero
cells, and stocks were prepared by a single passage on BHK-21 cells. Stocks of
recombinant vaccinia viruses were prepared by infection of 143 TK2 cells in
medium containing bromodeoxyuridine.

Proliferation assays and secondary in vitro stimulations for harvesting of
tissue culture supernatants for cytokine enzyme-linked immunosorbent assays
(ELISAs). Spleen cells were harvested at various times after LCMV infection of
transgenic mice. For some experiments, splenocytes were sorted by fluorescence-
activated cell sorting (FACS) (see below). Antigen-presenting cells (APCs) in
the assay mixture consisted of 2 3 105 irradiated syngeneic spleen cells per well
or APCs from the native spleen population (for assays not quantitating prolif-
eration but cytokine production in the supernatant of proliferating cultures)
infected with LCMV or coated with LCMV NP or GP (see “CTL and antibody
assays” above). The medium was RPMI containing 7% fetal calf serum and
glutamine. For assessment of LCMV antigen-specific gamma interferon (IFN-g)
production, cells were cultivated for 5 h in the presence of syngeneic APCs
(peritoneal exudate macrophages), infected with LCMV, and irradiated.

FACS analysis: phenotyping lymphocytes and intracellular cytokine analysis.
Cultured lymphocytes were phenotyped by FACS analysis with monoclonal an-
tibodies to murine CD4 and CD8 and various cytokines, as directed by the
manufacturer (Pharmingen). Intracellular cytokine analysis was done as de-
scribed previously (18) and with antibodies provided by Pharmingen.

Assessment of cytokine production by ELISA. Cytokines (interleukin 4 [IL-4],
IL-6, IL-10, IL-2, tumor necrosis factor alpha, and IFN-g) produced by spleno-
cytes were detected by ELISA (Pharmingen). Briefly, 96-well Millititer HA
plates (Millipore, Bedford, Mass.) were coated with the capture antibodies for
IL-2, IL-4, IL-6, IL-10, TNF-a, and IFN-g diluted to 2 mg/ml. After overnight
incubation at 4°C, the plates were washed four times with phosphate-buffered
saline (PBS) containing 0.05% Tween 20 and preincubated for 1 h at room
temperature with PBS containing 10% fetal calf serum (FCS). Tissue culture
supernatants and standards were added at various dilutions in PBS containing
10% FCS and 0.05% Tween 20, and plates were incubated for 2 to 4 h at room
temperature. Thereafter, the plates were washed four times with PBS–0.05%
Tween, and the respective detection antibodies for the cytokines were added at
1 mg/ml in PBS–0.05% Tween–10% FCS. The plates were incubated at room
temperature for 1 h and washed four times in PBS-Tween before streptavidin-
peroxidase conjugate (Boehringer Mannheim, Indianapolis, Ind.) was added at a
1:1,000 dilution. After a 30-min incubation at room temperature, the color
substrate solution 2,29-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) was
added and left on the plates for 10 to 30 min. The plates were then counted in
a ELISA reader at 490 nm.

sALT analysis. The extent of hepatocellular injury during LCMV infection was
monitored by measuring serum alanine aminotransferase (sALT) activity at
multiple time points after infection. sALT activity was measured in a Paramax
chemical analyzer (Baxter Diagnostics Inc., McGaw Park, Ill.) exactly as previ-
ously described (10).

CTL precursor measurements. For precursor frequency analysis, spleen cells
were harvested on days 7, 28, 60, 90, and 120 after primary LCMV infection.
These cells were diluted serially and cultivated in 96-well flat-bottom plates in the
presence of T-cell growth factor and syngeneic irradiated LCMV-infected (103

PFU/ml) spleen cells or syngeneic feeder cells coated with 1025 M LCMV NP or
GP H-2b peptides (105/well). After 5 to 9 days, each well was assayed for CTL
lysis (described above) on target cells that were uninfected or infected with
LCMV, peptide coated, or infected with vaccinia viruses and expressing GP or
NP. The fraction of negative cultures (lysis of ,3 standard errors above back-
ground) was determined for each dilution and correlated on a semilogarithmic
scale with the number of splenocytes per well. CTL precursors (pCTL) were
determined by the formula pCTL(f) 5 [4.6 2 ln (percentage of negative wells)]/
number of splenocytes per well.

Blood analysis. Blood samples were obtained from the retro-orbital plexus of
mice anesthetized with Metophane, and erythrocyte (RBC) counts were deter-
mined with a hemocytometer after 1:5 dilution of blood samples.
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RESULTS

Thymic expression of the LCMV nucleoprotein reduces
numbers of and cytokine secretion by NP-specific CD81 CTL
in perforin-deficient and -competent mice, and no compensa-
tory responses to other viral proteins are noted. Perforin-
competent p1/1 (H-2b) mice and four experimental groups of
F2 backcrosses between perforin-deficient SV129 (H-2b) and
H-2b-transgenic mice expressing LCMV NP in their thymus
(NP expressors) were infected with 105 PFU of LCMV intra-
peritoneally, and the numbers of pCTL were determined as
described in Materials and Methods. The numbers of LCMV-
NP- and GP-specific pCTL found in these five groups are
displayed in Table 1. Numbers of NP pCTL were reduced by
more than 10-fold in NP thymic expressor mice. In contrast
numbers of GP pCTL were not affected by thymic expression
of LCMV NP, and no significant compensatory increase was
noted. Thus, NP CTL were deleted in the thymus of NP ex-
pressors. As expected, no lytic pCTL were detectable in p2/2

mice.
Therefore, because LCMV NP-specific CD81 CTL activity

in perforin-deficient mice cannot be assessed directly through
testing lytic activity, another test system was used. IFN-g was
quantitated in tissue culture supernatants from splenocytes
obtained on day 7 after LCMV infection and stimulated in the
presence or absence of MHC class I-restricted LCMV H-2b NP
or GP-1 peptides or LCMV-infected antigen presenting cells,
respectively. The data clearly demonstrate that NP- but not
GP-1-specific CD81-mediated IFN-g production is reduced in
cultures from NP thymic-expressor perforin-competent mice
compared to nonexpressors (Table 2). Most importantly, no
significant compensatory increase of GP-specific IFN-g pro-
duction or IFN-g secretion in response to whole virus was
noted. As a consequence, IFN-g production in NP expressors
was reduced in response to whole virus, which is pathogeneti-
cally important. In addition, it became evident that lympho-
cytes in perforin-deficient hosts were secreting much more
IFN-g on day 7 after LCMV infection than were those in
perforin-competent mice, suggesting that their immune re-
sponse is much more strongly activated by the viral infection.
Similarly, relatively large amounts of IFN-g were present in

cultures from perforin-deficient mice without antigen (LCMV
peptide)-specific stimulation, probably because the virus grows
to higher titers in protein-deficient mice (Table 3). Impor-
tantly, it became evident that splenocytes from perforin-defi-
cient NP expressors made less IFN-g than did those from
thymic nonexpressors. Thus, the strong activation of lympho-
cytes found in perforin-deficient mice after LCMV infection
and IFN-g secretion by antigen-specific CD8 lymphocytes was
significantly reduced by expression of the viral NP in the thy-
mus, and no significant compensatory responses were seen.
The observed differences were confirmed by direct ex vivo
intracellular cytokine analysis after a 5-h stimulation in the
presence of LCMV antigen (see Materials and Methods)
(88.0% 6 10% IFN-g-positive CD8 lymphocytes in p2/2 NP2

mice; 21% 6 5% in p2/2 NP1 mice; 35% 6 8% in p1/2 NP2

mice; and 15% 6 3% in p1/2 NP1 mice.
The higher degree of organ infiltration and secretion of

cytokines by lymphocytes at early times after LCMV infection
in perforin-deficient mice correlates with increased viral ti-
ters. RNase protection analysis for cytokines and T-cell mark-
ers and plaque assays were performed on livers, spleens, and
kidneys from perforin-deficient or -competent mice 7 days
after LCMV infection. We found that viral titers were consis-
tently at least 2 to 3 log units higher in perforin-deficient mice
(Table 3). This correlated with increased lymphocytic infiltra-
tion by CD8 cells and cytokine secretion in many major organs.
Histologically, liver and kidney infiltration by CD8 lympho-
cytes was the most pronounced (Fig. 1A). RNase protection
analysis (Fig. 2 and Table 4) clearly shows that CD8 infiltration
on day 7 after LCMV infection was increased up to fivefold in
the liver in perforin-deficient mice. In parallel, IFN-g produc-
tion was 20-fold higher and TNF-a production was 2- to 5-fold
higher. Interestingly, no apparent differences in liver and kid-
ney immunopathology were noted at this early time (day 7
postinfection) between p2/2 thymic expressors and nonexpres-
sors, despite already clear differences in lymphocyte IFN-g

TABLE 1. Transgenic H-2b mice expressing LCMV NP in their
thymus generate smaller numbers of LCMV NP CTL

than do their nontransgenic littermatesa

Type of
mouse

LCMV pCTL countsb on cells coated with:

GP-1 pept NP-pept

p1/1 (H-2b) 1/180, 1/55, 1/320, 1/150 1/300, 1/125, 1/88, 1/450
p1/2 NP2 1/230, 1/98, 1/255, 1/225 1/250, 1/78, 1/126, 1/380
p1/2 NP1 1/420, 1/133, 1/550, 1/480 1/4,550, 1/3,670, 1/5,670, 1/8,500
p2/2 NP2 NDc ND
p2/2 NP1 ND ND

a Groups of four RIP-NP thymic expressors and nontransgenic littermates
were infected with 105 PFU of LCMV intraperitoneally. At 7 days postinfection,
single-cell suspensions were prepared from spleens and tested for numbers of
pCTL by limiting-dilution analysis (see Materials and Methods). The cutoff for
positive wells for each responder cell concentration was killing of .3 standard
errors over background 51Cr release. CTL activity was assessed by a 51Cr release
assay in vitro, using syngeneic MC57 (H-2b) and MHC mismatched BalbCL/7
(H-2d) fibroblasts as targets. LCMV NP peptide (FQPQNGQFI) or GP-1 pep-
tide was added to target cells in order to assess CTL specificity. The standard
error for controls was ,10%, and nonspecific 51Cr release was ,5%. All control
samples were run in triplicates with standard error of ,5%; specific control
killing of B6 spleens (day 7 postinfection) was 65% on NP peptide (NP-pept)-
coated MC57 cells and 41% on GP-1 (GP-1 pept)-coated MC57 cells.

b Results are given individually for the four mice in each group.
c ND, not detected.

TABLE 2. IFN-g production in response to LCMV NP is reduced
in thymic NP expressors without a compensatory

increase in response to other viral proteinsa

Type of effector spleno-
cyte and time (days)

after infection

IFN-g production (ng/100 ml of day 6
supernatant) in presence of:

No
peptide LCMV GP-1

peptide
NP

peptide

p1/1 (b) day 7 NDb 1.0 6 0.24 0.3 6 0.1 0.5 6 0.13
p1/2 NP2 day 7 ND 0.8 6 0.1 0.25 6 0.08 0.43 6 0.1
p1/2 NP1 day 7 ND 0.25 6 0.12 0.24 6 0.1 0.1 6 0.1
p2/2 NP2 day 7 1.4 6 0.23 2.5 6 0.53 1.3 6 0.5 2.7 6 1.1
p2/2 NP1 day 7 0.4 6 0.13 0.9 6 0.12 1.1 6 0.3 0.2 6 0.07

p1/1 (b) day 180 ND 3.3 6 1.1 2.3 6 0.2 2.5 6 0.1
p1/2 NP2 day 180 ND 3.1 6 0.8 2.0 6 0.1 2.9 6 0.1
p1/2 NP1 day 180 ND 2.3 6 0.3 1.65 6 0.05 1.0 6 0.04
p2/2 NP2 day 180 ND 1.5 6 0.24 0.6 6 0.05 1.4 6 0.1
p2/2 NP1 day 180 ND 0.6 6 0.12 0.7 6 0.1 0.3 6 0.15

p1/2 NP1 or NP2 uninf. ND 0.1 6 0.02 ND ND
p2/2 NP1 or NP2 uninf. ND 0.12 6 0.0 ND ND

a All groups of three or four mice were infected with 105 PFU of LCMV
intraperitoneally. Splenocytes were harvested at the times indicated and cultured
in 7% RPMI in the presence or absence of LCMV peptides (1025 M final
concentration). After 6 days, tissue culture supernatants were harvested and
tested for IFN-g concentrations in ELISAs (see Materials and Methods). Note
the defect in IFN-g production in response to LCMV-NP in p2/2 NP1 mice.
Interestingly, on day 35 (data not shown) and later (day 180 shown), the surviving
perforin-deficient mice made less IFN-g.

b ND, not detected (,0.05 ng/100 ml).
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production (Table 2) and pronounced anemia in some p2/2

mice that died early, at 1 month postinfection. Collectively,
these results indicate that the inability of perforin-deficient
mice to control LCMV replication is paralleled by increased
activation of CD8 lymphocytes and cytokine secretion, result-
ing in multiorgan inflammation.

Thymic expression of LCMV-NP reduces immunopathology
in perforin-deficient mice after LCMV infection and increases
their long-term survival. Next, we documented the long-term
survival of perforin-deficient thymic expressors and nonexpres-
sors. Most (75%) but not all perforin-deficient animals died
after LCMV infection (Fig. 3). In contrast, death occurred
later and the overall rate was decreased (to 45%) when
LCMV-NP was expressed in the thymus of perforin-deficient
mice. Thus, survival is increased in perforin-deficient mice that
have a dampened immune response to one viral protein. Im-
munopathology was evaluated histologically (Fig. 1B) and
showed profound organ destruction in perforin-deficient thy-
mic nonexpressors on day 60 postinfection, which was reflected
as early as day 9 postinfection by elevated sALT levels (129 to
195 U/liter in perforin-deficient mice versus 87 to 99 U/liter in
normal mice). In contrast, perforin-deficient thymic NP ex-
pressors exhibited less immunopathology than did their NP-
nonexpressing perforin-deficient littermates. Inflammatory dis-
ease of the liver (Fig. 1B), kidneys (Fig. 1B), and spleen (data
not shown) 40 to 60 days after LCMV infection was drastically
reduced. The difference was less pronounced in the pancreas
(data not shown). Fewer CD8 cells and, to a lesser extent fewer
CD4 cells (data not shown) and B lymphocytes (data not
shown), and less macrophage infiltration was present in the
livers and kidneys of thymic-expressor NP mice. This was con-
firmed by RNase production analysis for T-cell and cytokine
markers, as shown in Table 4 and Fig. 4 for CD8 cells. Per-
forin-deficient thymic expressors showed a 5-fold-lower degree
of CD8 infiltration and a 15-fold-lower level of IFN-g secretion
in kidneys and livers (and to a lesser degree in spleens) com-
pared to perforin-deficient thymic nonexpressors (Table 4 and
Fig. 4). All groups of perforin-competent mice showed neither
organ infiltration nor cytokine upregulation at this point (Fig.
1). Thus, immunopathology is dampened in perforin NP1

mice, which correlates well with the selective depletion of NP
CTL and no generation of pathologically significant compen-
satory responses to other viral proteins.

Spleens were analyzed in more detail (data not shown).

Disruption of splenic architecture was evident 40 days post-
infection in all groups of perforin-deficient mice, although
it was less pronounced in RIP-NP-positive littermates (data
not shown). In these analyses, complete disruption of red and
white pulp demarcation reflects the chronic ongoing immune
system activation in perforin-deficient mice whereas some
reorganization of white pulp centers is indicative of a greatly
reduced inflammatory response in perforin-deficient NP ex-
pressors. In contrast, spleen architecture appeared normal
in perforin-competent or heterozygous littermates that had
cleared the virus. In addition, we evaluated the occurrence and
severity of anemia in comparing perforin-deficient thymic ex-
pressors to nonexpressors and in comparing survivors to mor-
ibund animals. Interestingly, pronounced anemia was found
only in those perforin-deficient animals that died within 1
month of infection (RBC count 5 2.2 3 109/ml 6 10%); the
anemia was much less severe in mice dying later (RBC count 5
7 3 109/ml 6 12%). Survivors had essentially normal RBC
counts (8 3 109/ml 6 5% compared to 8.8 3 109/ml 6 3% in
uninfected controls). Therefore, it appears likely that the cause
of death, especially in perforin-deficient animals surviving long-
er than 1 month, is multifactorial and due to other factors in
addition to the anemia. This was the rationale to test for im-
munopathology in multiple organs, as well as the RBC counts.
Thus, multiorgan immunopathology occurs in perforin-defi-
cient mice after LCMV infection and is dampened by toleriz-
ing the NP-specific T-cell response.

Perforin-deficient long-term survivors expressing LCMV
NP in their thymus do not clear LCMV and have equivalent
viral titers in organs to those of perforin-deficient thymic non-
expressors. To determine whether lower LCMV NP responses
in NP transgenic perforin-deficient hosts would affect viral titers
and/or clearance, the LCMV titers in several organs were de-
termined 60 days postinfection (Table 3). No apparent differ-
ences emerged, and the viral titers were still similarly high up
to day 180 postinfection (data not shown). Thus, perforin-de-
ficient mice are unable to clear LCMV and become persistent-
ly infected independent of thymic expression of LCMV NP.

Perforin-deficient long-term survivors show decreased cyto-
kine production by LCMV-specific CD8 lymphocytes at later
times postinfection and exhibit stable levels of immunopathol-
ogy. Lymphocytes in perforin-deficient mice produce strikingly
large amounts of cytokines, especially IFN-g, on day 7 follow-
ing LCMV infection (Tables 2 and 4). A large part of this

TABLE 3. Viral titers in organs from LCMV-infected perforin-deficient and -competent NP transgenic or
nontransgenic mice that survived long-terma

Type of mouse and
time postinfection

Viral titer (PFU/g of tissue)

Liver Kidney Pancreas Spleen

Day 7
p1/2 NP2 2 3 102 6 70 ND ND ND
p1/2 NP1 NDb ND ND ND
p2/2 NP2 0.8 3 105 6 3 3 104 2 3 103 6 1 3 103 1 3 103 6 400 7 3 104 6 4 3 104

p2/2 NP1 5 3 104 6 2 3 104 5 3 102 6 200 2 3 102 6 150 1.5 3 105 6 6 3 104

Day 60
p1/2 NP2 ND ND ND ND
p1/2 NP1 ND ND ND ND
p2/2 NP2 1 3 105 6 4 3 104 1.4 3 104 6 4 3 103 2 3 104 6 1 3 104 3 3 104 6 2 3 104

p2/2 NP1 1 3 105 6 7 3 104 1 3 104 6 5 3 103 1.6 3 104 6 1 3 104 3 3 104 6 1.1 3 104

a Three or four mice in each group were infected with 105 PFU of LCMV intraperitoneally. Viral titers in the spleen, liver, thymus, kidney, pancreas and brain were
determined by a plaque assay at 7 or 60 days postinfection. No significant differences were found between thymic expressors and nonexpressors. Brains and thymuses
of all perforin-deficient mice also contained virus as assessed by direct immunohistochemistry (data not shown).

b ND, nondetected.
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FIG. 1. Immunopathology present in the pancreas and kidneys of perforin-deficient mice following LCMV infection is reduced by thymic expression of LCMV NP.
Groups of three mice were infected with 105 PFU of LCMV intraperitoneally, and organs were harvested and stained immunohistochemically (see Materials and
Methods) for CD4, CD8, NLDC-145 (dendritic cell marker), F 4/80 (macrophage marker), and B220 (B-lymphocytes) on day 7 or 60 postinfection. The liver, kidney,
and spleen showed the most profound immunopathology. (A) Comparison of CD81 lymphocytes in livers and kidneys in perforin-competent (p1/1) and perforin-
deficient (p2/2) mice 7 days after LCMV infection. (B) Liver and kidney sections stained for CD8 from perforin-deficient mice (p2/2) on day 60 postinfection
comparing thymic NP expressors and nonexpressors.
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activation is apparent in in vitro assays without antigen specific
stimulation (Tables 2 and 4). This reflects an in vivo viral
presence that is probably also transferred to in vitro cultures
(Table 3). Not only is the IFN-g level increased (Tables 2
and 4; Fig. 4), but also the number of TNF-a-producing cells
is increased. Organ infiltration and cytokine production are
much less pronounced at day 60 postinfection in the livers,
kidneys, and spleens of perforin-deficient NP expressors than
of thymic nonexpressors (Fig. 1B and 4; Table 4). Interestingly,
they are even lower at later times postinfection in perforin-
deficient long-term survivors (day 180, Table 2), and a loss of
CD8 cells parallels this decrease in activation in all groups of
perforin-deficient mice (7 to 12% CD81 lymphocytes by FACS
in perforin-deficient long-term survivors compared to 32 to
42% CD81 lymphocytes in normal mice 180 days after LCMV
infection or in uninfected perforin-deficient mice). The under-
lying mechanism is either exhaustion of CD81 lymphocytes by
activation-induced cell death (9, 17) or induction of a form of
anergy due to the high levels of viral antigen present (9). The
degree of immunopathology in the long-term survivors (day
180) was less pronounced than that shown in Fig. 1. Long-term
survivors are therefore characterized by viral persistence but
dampened antiviral cytokine (IFN-g and TNF-a) responses
(Table 2), which probably contributes to their ability to cope
with the infection for longer.

DISCUSSION

The outcome of viral infections is governed by the direct
lysis of cells infected with the virus and by the amount of
immunopathology caused by the immune response initiated
by the virus (29). We selected perforin-deficient mice that
are persistently infected with nonlytic LCMV as a model for
a chronic viral infection with immunopathology that leads to

death in most of the animals. We found that thymic expression
of one viral protein, NP, leads to selective tolerization of NP-
specific CD81 lymphocytes and consequently to a significant
decrease in IFN-g production following infection with LCMV.
Importantly, no pathogenically significant compensatory in-
crease in responses to other viral proteins was noted. There-
fore, the amount of chronic inflammatory disease in the liver,
kidney, and spleen, disruption of splenic architecture, and rate
and incidence of deaths were reduced. Interestingly, these per-
forin-deficient, NP-expressing long-term survivors were char-
acterized by a selective loss of LCMV-specific IFN-g produc-
tion, which is probably one of the reasons that these mice are
able to tolerate this chronic infection long-term.

Our present and previous findings and those of others with
the LCMV model illustrate this correlation between immuno-
pathology and outcome of a viral infection as described in the
following paragraphs. First, mice acutely infected intraperito-
neally with LCMV clear the virus by relying mostly on a strong
CTL response. In this case, only transient immunopathology
and transient infiltration of multiple organs resulted, since the
virus was eliminated rather rapidly (days 7 to 10 [Fig. 2]) (6).
However, if the affinity of the CTL is lower (for example, in
mice expressing a viral protein in the thymus) and, at the same
time, the antiviral effect of IFN-g is genetically eliminated,
chronic infection results (23). The majority of such mice die
due to immunopathology reflected in multiorgan inflammation
and loss of APCs killed by CTL. Similarly, perforin-deficient
mice develop persistent LCMV infection with very strong on-
going immune system activation, because CTL cannot lyse
target cells but are constantly activated by “professional” APCs
such as dendritic cells and macrophages that are LCMV in-
fected. This leads to secretion of high levels of inflammatory
cytokines such as IFN-g (Tables 2 and 4) or TNF-a and to
multiorgan inflammatory disease (Fig. 1). In this article, we
show that genetically engineered thymic expression of antigen
can be used to down-regulate one arm of the T-cell response in
these perforin-deficient mice and thus to modulate inflamma-
tion and disease. Other previous observations support the no-
tion that dampening of the antiviral immune response is ben-
eficial in persistent infections. For example, mice infected with
LCMV at birth are mostly tolerant on the T-cell level and

FIG. 2. RNase protection analysis for T-cell and macrophage markers and
cytokine RNA in organs of perforin-deficient and -competent thymic expressor
or nonexpressor mice 7 days after LCMV infection. Groups of two to three mice
were infected with LCMV at 105 PFU intraperitoneally, and organs were har-
vested and RNA was extracted for RNase protection analysis on day 7 postin-
fection (see Materials and Methods). The results were compared to those ob-
served in organs derived from age-matched, nontransgenic uninfected controls
(Con.). Results for two representative animals per group are shown. Note that
organs from perforin-deficient mice show a higher degree of immune system
activation, since CD81 cells are found more abundantly and larger amounts of
IFN-g and TNF-a are produced than in perforin-competent littermates (Table
4). Virus was found in all areas of the spleen of perforin-deficient mice (data not
shown). No apparent differences were noted in thymic expressors and nonex-
pressors at this early stage postinfection (Table 4).

TABLE 4. CD8, TNF-a, and IFN-g mRNA content in organs of
perforin-deficient and -competent NP expressors

and nonexpressorsa

Type of
mouse and
time post-
infection

Relative mRNA contentb

Liver Kidney Spleen

CD8 TNF-a IFN-g CD8 TNF-a IFN-g CD8 TNF-a IFN-g

Day 7
p1 NP2 8.2 1.4 4.3 2.4 0.9 1.3 1.7 0.9 4.5
p1 NP1 6.2 1.4 3.6 2.2 0.9 3.7 1.4 0.9 3.8
p2 NP2 42.3 3.9 99.9 4.8 1.2 19.5 4.8 2.0 59.3
p2 NP1 32.2 3.9 133 5.0 0.8 15.5 3.2 2.4 55.1

Day 60
p2 NP2 13.1 1.7 25 11.6 1.2 82.2 6.4 1.9 10
p2 NP1 2.6 1.3 1.5 3.2 0.86 4.9 0.72 1.0 2.9

a Total RNA extracted from the indicated organs of two representative mice
per group was analyzed by the RNase protection assay for CD8, TNF-a, and
IFN-g RNA contents (Fig. 2 and 4) and quantitated by phosphorImager analysis.

b CD8, TNF-a, and IFN-g RNA values were normalized to the values of the
housekeeping gene L32, divided by the respective RNA values detected in
uninfected controls, and expressed as mean values, thus representing fold in-
crease relative to L32 controls. Boldfaced values reflect important differences
between perforin-deficient thymic expressors and nonexpressors.
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therefore survive for .1 year although they have high viral
titers in all organs. This finding also illustrates the low cyto-
pathicity of LCMV in vivo. Furthermore, perforin-deficient
mice that are depleted of CD8 lymphocytes do not succumb to
aplastic anemia following LCMV infection (4). Our present
study extends these concept to a therapeutic approach that
selectively attempts to tolerize the immune system to one viral
protein, thus leaving its other functions intact in order to not
immunocompromise the host.

Based on our present data, the following chain of events
takes place in perforin-deficient thymic expressors and nonex-
pressors after infection with LCMV. First, since neither NK
cells nor CTL generated in response to LCMV have the ability
to kill infected cells through the perforin pathway, virus is not
cleared. This occurs despite the production of substantial
amounts of IFN-g and an intact FAS pathway. Viral presence
in many lymphoid and nonlymphoid organs as well as in “pro-
fessional” (costimulation-competent) APCs continues to drive
antiviral lymphocytes that secrete IFN-g and TNF-a (Tables 2
and 4; Fig. 2 and 4) but do not kill target cells (Table 1). This
explains why much higher levels of these cytokines are pro-
duced in perforin-deficient mice than in perforin-competent
littermates. The high IFN-g production found in perforin-de-
ficient mice without addition of viral antigens in vitro (Table 1)
is therefore probably due to the fact that virus is present in all
spleen samples, resulting in a higher degree of lymphocyte
activation compared to that in perforin-competent littermates
that have already started to clear virus at that point (Table 3).
Clearly, thymic expression of NP specifically reduces the acti-
vation of NP-specific CTL (Tables 1, 2, and 4) in both perforin-
competent and -deficient hosts. Overall antiviral immunity is
still sufficient to mediate viral clearance by GP-specific CTL in
perforin-competent mice. In contrast, as expected, virus is not
cleared in perforin-deficient mice regardless of thymic LCMV
NP expression (Fig. 3). Most importantly, no pathologically rele-
vant compensatory increase in responses to other viral proteins
is observed, reflected in equally reduced cytokine responses in
p2/2 NP1 mice in the presence of LCMV. However, the re-
duction of the immune response to this one viral antigen (NP

but not GP [Tables 1 and 2]) is sufficient to suppress multi-
organ inflammation (Fig. 1, 2, and 4) and increase survival
(Fig. 3). In the perforin-deficient mice that survive LCMV
infection long-term (50% of perforin-deficient thymic NP ex-
pressors and 30% of perforin-deficient thymic NP nonexpres-
sors), CD8 lymphocytes secrete lower levels of LCMV-specific
cytokines and their overall level is depleted over time (Table
2). This is the result of either activation-induced cell death
occurring at a high rate in LCMV-specific lymphocytes (and
maybe bystander-activated CD8 lymphocytes [22]), leading to
their exhaustion (9, 17), or induction of anergy due to high
systemic levels of LCMV antigen.

An important question is the precise cause of death in per-
forin-deficient mice. From our data, it appears to be multifac-
torial. Early deaths within 1 month (accounting for less than
50% of the overall deaths [Fig. 3]) are clearly associated with
anemia. Deaths occurring later, however, are not accompanied
by pronounced anemia but, rather, by stronger immunopathol-
ogy in the liver, spleen, and kidneys (Fig. 1B), which is not pres-
ent at early times after infection (Fig. 1A). As shown in Tables
2 and 4, low levels of inflammatory cytokines (IFN-g and TNF-
a) in the spleen appear to better correlate with survival, prob-
ably reflecting overall decreased immune system activation.

In summary, we conclude from our study that it might be
worthwhile to take a second look at the degree of chronic
immune system activation in persistent viral infections with
comparatively low in vivo cytopathicity. In some situations,
selective suppression of the antiviral response might be bene-
ficial, if it can be achieved in vivo, especially since compensa-

FIG. 3. Survival of LCMV infection is increased in perforin-deficient mice
expressing LCMV NP in their thymuses. Groups of 20 mice were infected with
105 PFU of LCMV intraperitoneally and maintained under specific-pathogen-
free conditions in viral containment for the duration of the study. Statistically
significant differences (survival log-rank test used for calculation of P value; P ,
0.05 was considered significant) were found between the groups p2/2 NP2, p2/2

NP1, and p1/1 (H-2b). p1/2 NP1 or p1/2 NP2 mice survived infection similar
to the p1/1 controls shown.

FIG. 4. RNase protection analysis for T-cell and macrophage markers and
cytokine RNA in organs of perforin-deficient thymic expressors or nonexpres-
sors. Groups of two or three mice were infected with LCMV at 105 PFU
intraperitoneally, and organs were harvested and RNA was extracted for RNase
protection analysis on day 40 to 60 postinfection (see Materials and Methods).
Results were compared to those observed in organs derived from age-matched,
nontransgenic uninfected controls (Con.). Results from one representative ani-
mal per group are shown. Note that organs from perforin-deficient mice show
signs of chronic immune system activation; i.e., CD8 cells are found abundantly,
and large amounts of IFN-g and TNF-a are produced (Table 4). Virus was found
in all areas of the spleen of perforin-deficient mice (data not shown). Perforin-
deficient thymic NP expressors showed much less IFN-g production and CD8
infiltration than did nonexpressing littermates.
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tory responses appear not to be pathogenically relevant. When
combined with effective antiviral drug treatment to avoid ex-
cessively high titers and increased direct cytopathic effects, this
might achieve a symbiotic relationship between virus and host
in some situations.
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