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The effector function of CD8 T cells is mediated via cell-mediated cytotoxicity and production of cytokines
like gamma interferon (IFN-�) and tumor necrosis factor alpha (TNF-�). While the roles of perforin-
dependent cytotoxicity, IFN-�, and TNF-� in controlling acute viral infections are well studied, their relative
importance in defense against chronic viral infections is not well understood. Using mice deficient for TNF
receptor (TNFR) I and/or II, we show that TNF-TNFR interactions have a dual role in mediating viral
clearance and downregulating CD8 and CD4 T-cell responses during a chronic lymphocytic choriomeningitis
virus (LCMV) infection. While wild-type (�/�) and TNFR II-deficient (p75�/�) mice cleared LCMV from the
liver and lung, mice deficient in TNFR I (p55�/�) or both TNFR I and TNFR II (double knockout [DKO])
exhibited impaired viral clearance. The inability of p55�/� and DKO mice to clear LCMV was not a sequel to
either suboptimal activation of virus-specific CD8 or CD4 T cells or impairment in trafficking of LCMV-specific
CD8 T cells to the liver and lung. In fact, the expansion of LCMV-specific CD8 and CD4 T cells was
significantly higher in DKO mice compared to that in �/�, p55�/�, and p75�/� mice. TNFR deficiency did not
preclude the physical deletion of CD8 T cells specific for nucleoprotein 396 to 404 but delayed the contraction
of CD8 T-cell responses to the epitopes GP33-41 and GP276-285 in the viral glycoprotein. The antibody
response to LCMV was not significantly altered by TNFR deficiency. Taken together, these findings have
implications in development of immunotherapy in chronic viral infections of humans.

It is well established that CD8 T cells play an important role
in defense against viral infections, including human immuno-
deficiency virus, hepatitis B virus (HBV), hepatitis C virus
(HCV), cytomegalovirus, Epstein-Barr virus, lymphocytic cho-
riomeningitis virus (LCMV), and influenza virus (4, 6, 8, 9, 20,
26, 29, 44, 54, 56). CD8 T cells recognize and respond to
foreign peptides presented by self major histocompatibility
complex class I (MHC-I) molecules. The antiviral effects of
CD8 T cells are mediated by MHC-I-restricted lysis of infected
cells and/or by production of cytokines like gamma interferon
(IFN-�) and tumor necrosis factor alpha (TNF-�) (25). The
lysis of virus-infected cells by CD8 T cells occurs by perforin-
or Fas-dependent pathways. Studies in perforin-deficient mice
have demonstrated that perforin-dependent cytotoxicity plays
a role in resolving infections with LCMV, influenza virus, Theil-
er’s virus, and herpes simplex virus (27, 29, 51, 54, 56). How-
ever, noncytocidal effector mechanisms of CD8 T cells medi-
ated by cytokines like IFN-� and/or TNF-� can contribute to
clearance of viruses, including LCMV, adenovirus, mouse hep-
atitis virus, and coxsackievirus (7, 14, 19, 35, 45, 48, 60). Fur-
ther, elegant studies using HBV transgenic mice have clearly
ascribed a role for cytokine-mediated noncytolytic effector
mechanisms in viral control (15, 18, 21–23). Infection of mice
with LCMV has been extensively used as a model system to
decipher the mechanisms underlying the CD8 T-cell-mediated
clearance of a noncytopathic virus. LCMV can cause an acute

or a chronic infection in mice, depending upon the viral strain
used; while an acute LCMV infection is cleared in 8 to 10 days,
a chronic infection lasts up to several months (1, 2, 59). Clear-
ance of an acute LCMV infection is dependent upon CD8
T-cell-mediated perforin-dependent cytotoxicity and does not
require TNF activity (29, 32, 56). IFN-� or IFN-� receptor
deficiency causes a slight delay in the control of an acute
LCMV infection (28, 35, 37, 39, 45). Unlike in an acute infec-
tion, the effector mechanisms of LCMV clearance in a chronic
infection are not well understood. It has been previously shown
that local induction of TNF-� can lead to clearance of LCMV
from hepatocytes in persistently infected mice (19). However,
it is still unclear if TNF-TNF receptor (TNFR) interactions are
required to resolve a chronic LCMV infection. Since TNF-�
exerts its cellular effects via two receptors, TNFR I (p55R) and
TNFR II (p75R), the role of TNFR I versus TNFR II in
mediating the antiviral effects of TNF-� needs investigation.

In recent years, it has become increasingly clear that effector
molecules of CD8 T cells, namely, perforin, Fas ligand, IFN-�,
and TNF-�, have important immunoregulatory functions (24).
These molecules possess the dual capacity of mediating T-cell
effector function and dampening T-cell responses in vivo (24).
Establishment of a chronic LCMV infection is associated with
deletion (exhaustion) and/or functional impairment of CD8 T
cells, and impaired clearance of HBV and HCV in humans has
been linked to loss of virus-specific CD8 T cells (30, 33, 34, 40,
59). Therefore, augmentation of CD8 T-cell responses is being
considered as a therapeutic strategy to treat chronic viral in-
fections in humans. To this end, there is considerable interest
towards understanding mechanisms that downregulate the
CD8 T-cell response during a chronic viral infection. Previous
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studies have indicated that perforin, Fas, and IFN-� may sup-
press CD8 T-cell responses by affecting expansion or deletion
of virus-specific CD8 T cells in a persistent LCMV infection
(43, 62). Since TNF-� can induce apoptosis of activated CD8 T
cells in vitro, efforts have been made to understand the role of
TNF-� in downregulating CD8 T-cell responses in a chronic
LCMV infection. During a persistent LCMV infection, the
exhaustion of virus-specific CD8 T cells is delayed in TNFR
I-deficient mice (62). Notably, it is not TNFR I but TNFR II,
the second receptor for TNF-�, which has been shown to cause
apoptosis of activated CD8 T cells in vitro (3, 61). However,
the role of TNFR II in downregulation of the CD8 T-cell
response during a chronic LCMV infection has not been ex-
amined. Moreover, the existence of functional redundancies
between TNFR I and TNFR II in regulating CD8 T-cell re-
sponses has not been examined using TNFR I and II double-
deficient mice. To dissect the antiviral and immunoregulatory
effects of TNF-�, in this study we have compared the kinetics
of viral clearance and virus-specific CD8 and CD4 T-cell re-
sponses between wild type (�/�), TNFR I-deficient (p55�/�),
TNFR II-deficient (p75�/�), and TNFR I and II double-defi-
cient (double knockout [DKO]) mice during a chronic LCMV
infection. These studies showed that TNFR I and TNFR II
might have redundant roles in mediating LCMV clearance and
downregulating CD8 and CD4 T-cell responses during a
chronic infection.

MATERIALS AND METHODS

Mice. C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor,
Maine). p55�/�, p75�/�, and DKO mice on the C57BL/6 background (49) were
kindly provided by Jacques Peschon (Immunex Corporation, Seattle, Wash.).
Mice were used when they were 6 to 8 weeks of age. All experiments were
conducted in strict accordance with the guidelines of the institutional animal care
committee.

Virus. The Armstrong (LCMV-Arm) and clone 13 (LCMV-clone 13) strains of
LCMV were used in this study (1, 2). Mice were infected with 2 � 106 PFU of
LCMV-clone 13 by intravenous injection or 2 � 105 PFU of LCMV-Arm by
intraperitoneal injection. Infectious LCMV in the tissues was quantitated by a
plaque assay using Vero cell monolayers (1, 2).

Cytotoxicity assay. The MHC-I-restricted cytotoxic activity in the spleen was
measured directly ex vivo using a 51Cr-release assay as described elsewhere (2).

Identification of LCMV-specific CD8 T cells by MHC class I tetramers. The
preparation and use of MHC-I tetramers specific to the Db-restricted immuno-
dominant epitopes nucleoprotein 396-404 (NP396) and glycoprotein 33-41
(GP33) have been described previously (46). Single-cell suspensions of spleno-
cytes were prepared by standard procedures. Mononuclear cells were isolated
from the liver and lung as described elsewhere (41). Single-cell suspensions of
splenocytes or mononuclear cells from the liver or lung were stained with phy-
coerythrin-labeled anti-CD8, fluorescein isothiocyanate-labeled anti-CD44, and
allophycocyanin-labeled MHC-I tetramers in fluorescence-activated cell sorting
buffer (phosphate-buffered saline containing 2% bovine serum albumin and
0.02% NaN3) for 1 h at 4°C. Following staining, cells were fixed in 2% parafor-
maldehyde and acquired on a FACSCalibur flow cytometer (BD Biosciences,
San Jose, Calif.). Flow cytometry data were analyzed using CellQuest software
(BD Biosciences). All antibodies were purchased from BD-Pharmingen (San
Diego, Calif.).

Intracellular cytokine staining. CD8 T cells specific to LCMV cytotoxic T-
lymphocyte (CTL) epitopes NP396, GP33, and GP276-286 (GP276) were quan-
titated by intracellular staining for IFN-� as described previously (46). Briefly,
splenocytes were stimulated with various LCMV CTL epitope peptides in vitro
in the presence of brefeldin A and human recombinant interleukin-2 for 5 to 6 h
at 37°C. To measure CD4 T-cell responses, splenocytes were stimulated with an
MHC-II-restricted epitope peptide, GP61-80. Following culture, cells were
stained for cell surface CD8 or CD4 and intracellular IFN-� using the Cytofix/
Cytoperm kit (Pharmingen). The number of IFN-�-producing CD8 and CD4 T
cells was determined by flow cytometry as described above.

ELISA. LCMV-specific antibody in the serum was quantitated by a solid-phase
enzyme-linked immunosorbent assay (ELISA) as described previously (2).

Statistical analysis. Data were analyzed using commercially available statisti-
cal software (SYSTAT version 8.0; Chicago, Ill.). Groups were compared by
Student’s t test, and significance was defined at a P level of �0.05.

RESULTS

Effect of TNFR deficiency on clearance of a chronic LCMV
infection. Previous studies have shown that exposure of adult
immunocompetent mice to LCMV-clone 13 results in a dis-
seminated infection lasting between 3 and 6 months (2, 59).
Although it has been documented that CD8 and CD4 T cells
are essential to resolve an LCMV-clone 13 infection, the un-
derlying effector mechanisms of viral clearance are unclear
(42). To examine the requirement for TNF-TNFR interactions
in resolving a chronic LCMV infection, groups of �/�, p55�/�,
p75�/�, and DKO mice were infected with LCMV-clone 13,
and the kinetics of viral clearance was monitored in the liver,
lung, and serum (Fig. 1). As shown in Fig. 1A, in the livers of
�/� mice, peak viral load was attained on day 8 postinfection
(p.i.), but viral titers gradually declined in the ensuing 40 days.
By day 60 p.i., �/� mice had successfully resolved the viral
infection in the liver and the levels of infectious LCMV-clone
13 were below the level of detection. The livers of p75�/� mice
had viral titers comparable to those of �/� mice on day 8 p.i.
but seemed to clear LCMV-clone 13 a little earlier than in �/�
mice. Compared to �/� and p75�/� mice, the hepatic clear-
ance of LCMV-clone 13 was delayed in p55�/� mice. However,
66% of the p55�/� mice cleared LCMV-clone 13 in the liver by
135 days p.i. Strikingly, DKO mice initially exhibited some
control of viral load, but the livers of six of seven DKO mice
continued to harbor a high viral burden until at least 195 days
p.i. It is likely that these DKO mice might fail to clear LCMV-
clone 13 and become carriers for life. Taken together, these
data suggested that TNFRs p55 and p75 might play redundant
roles in mediating LCMV-clone 13 clearance from the liver.
However, TNFR I (p55R) appeared to be more important
than TNFR II (p75R) in mediating hepatic clearance of
LCMV-clone 13.

Data in Fig. 1B show the kinetics of LCMV-clone 13 clear-
ance from the lung. The viral titer in the lung of �/� mice was
highest on day 8 p.i. but exhibited a progressive decline there-
after. By 195 days p.i., infectious LCMV-clone 13 was unde-
tectable in the lungs of �/� mice. Upon comparing Fig. 1A
and B, it is clear that clearance of LCMV-clone 13 from the
liver was faster than clearance from the lung in the �/� mice.
Loss of p75R had a minimal impact on the kinetics of LCMV
clearance from the lung. Akin to the liver, the clearance of
LCMV-clone 13 from the lungs of p75�/� mice was slightly
accelerated compared to that in �/� mice. The resolution of
LCMV-clone 13 from the lung occurred less efficiently in
p55�/� mice; on day 60 p.i., the viral load in the lung of p55�/�

mice (5.9 � 0.6 log10 PFU) was �100-fold higher than that in
�/� mice (4.0 � 0.6 log10 PFU). In striking contrast to �/�
mice, DKO mice showed no viral control and harbored high
levels of infectious LCMV at least until day 195 p.i. On day
135 p.i., the viral titers in the lungs of DKO mice (6.8 � 0.05
log10 PFU) were �1,000-fold higher than those in �/� mice
(3.4 � 0.6 log10 PFU). In summary, these data provide strong
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FIG. 1. Role of TNFRs in viral clearance during a chronic viral infection. Groups of �/�, p55�/�, p75�/�, and DKO mice were infected with
LCMV-clone 13, and the levels of infectious LCMV in the liver (A), lung (B), and serum (C) were determined by a plaque assay using Vero cell
monolayers. Each data point represents the viral titer of an individual mouse. ND, not available.
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evidence supporting a role for TNFRs in clearance of LCMV-
clone 13 from the lung.

As an overall indicator of virus control, we also quantitated
viral load in the serum of LCMV-clone 13-infected �/� and
TNFR-deficient mice (Fig. 1C). Consistent with viral clearance
from the liver and lung (Fig. 1A and B), both �/� and p75�/�

mice exhibited efficient control of viremia by day 60 p.i. The
kinetics of LCMV-clone 13 clearance in the serum of p55�/�

mice was delayed, compared to that in �/� mice. DKO mice
were able to achieve transient control of viremia until day
60 p.i., but circulating virus levels rebounded to high levels
thereafter (Fig. 1C).

Effect of TNFR deficiency on primary virus-specific T-cell
responses. It is well established that clearance of LCMV is
dependent upon CD8 T-cell responses (29, 42, 56). Data in Fig.
1 showed that DKO mice which are deficient in both p55 and
p75 TNFRs are unable to control LCMV-clone 13 infection in
the liver and lung. The inability of DKO mice to clear LCMV-
clone 13 might be due to the elicitation of a suboptimal anti-
viral T-cell response. To address this issue, we examined pri-
mary virus-specific CD8 T-cell responses in �/�, p55�/�,
p75�/�, and DKO mice infected with LCMV-clone 13. For
comparison, we also infected a group of �/� mice with
LCMV-Arm (cleared by day 8 p.i.), which elicits a strong CTL
response. On day 8 p.i., we quantitated LCMV-specific MHC-
I-restricted cytotoxic activity in the spleen directly ex vivo. As
shown in Fig. 2A, as expected, spleens of �/� mice infected
with LCMV-Arm contained high levels of CTL activity. In
comparison to LCMV-Arm-infected mice, splenocytes from
LCMV-clone 13-infected �/�, p55�/�, p75�/�, and DKO

mice showed poor CTL activity (Fig. 2B). However, it is worth
noting that splenocytes from p55�/�, p75�/�, and DKO mice
exhibited slightly higher CTL activities than those in LCMV-
clone 13-infected �/� mice. These data show that TNFR de-
ficiency had no significant effect on the CTL activity in LCMV-
clone 13-infected mice.

We next investigated the effect of TNFR deficiency on the
activation and expansion of LCMV-specific CD8 T cells in the
spleen. Fluorochrome-labeled peptide-MHC-I tetramers were
used to visualize CD8 T cells specific to the two immunodom-
inant epitopes of LCMV, namely NP396 and GP33. As illus-
trated in Fig. 3A, on day 8 p.i., virus-specific CD8 T cells were
readily detected in the spleens of �/� mice. The percentages
of LCMV-specific CD8 T cells in the spleens of p75�/� mice
were comparable to those in �/� mice. However, spleens of
p55�/� and DKO mice contained higher percentages of
LCMV-specific CD8 T cells than those of �/� mice. The
absolute numbers of LCMV-specific CD8 T cells in the spleen
on day 8 p.i. are depicted in Fig. 3B. Deficiency of p75R had no
detectable effect on the expansion of LCMV-specific CD8 T
cells in vivo. In the p55�/� mice, although percentages of
LCMV-specific CD8 T cells in the spleens were substantially
higher than in �/� mice (Fig. 3A), the absolute numbers (Fig.
3B) were determined to be not statistically significant (P �
0.05). Strikingly, the spleens of DKO mice contained substan-
tially higher numbers of NP396- and GP33-specific CD8 T
cells, compared to levels in �/� and p75�/� mice (P 	 0.01).
The total number of NP396- and GP33-specific CD8 T cells in
the spleens of DKO mice was approximately five- and three-
fold more, respectively, than in �/� and p75�/� mice (Fig.

FIG. 2. MHC-I-restricted cytotoxicity in the spleens of LCMV-clone 13-infected mice. (A) Eight days after infection with LCMV-Arm, the
LCMV-specific MHC-I-restricted cytotoxic activity in the spleens of �/� mice was quantitated by a 51Cr-release assay using syngeneic LCMV-
infected and uninfected MC57G cells as target cells. (B) Groups of �/� and TNFR-deficient mice were infected with LCMV-clone 13, and
cytotoxic activity in the spleen was quantitated 8 days later as described for panel A. Data are the mean of three to six mice per group, � the
standard deviation.
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3B). Taken together, these data suggested the following: (i)
TNFRs might play a role in downregulating the expansion of
virus-specific CD8 T cells during a chronic LCMV infection;
and (ii) the inability of DKO mice to effectively clear LCMV-
clone 13 was not due to a defect in the activation and expan-
sion of virus-specific CD8 T cells during the primary response.

Production of IFN-� is one of the important effector mech-
anisms of CD8 T cells (25, 58). Lack of IFN-�-mediated effec-
tor function could delay the clearance of an acute LCMV
infection (28). As a measure of functional competence, we
examined the ability of LCMV-specific CD8 T cells to produce
IFN-� in response to stimulation with various LCMV CTL
epitope peptides. On day 8 p.i., CD8 T cells in the spleens of
�/� mice were fully functional and produced readily detect-
able levels of IFN-� upon in vitro stimulation (Fig. 4A). CD8
T cells from p55�/�, p75�/�, and DKO mice also produced
comparable levels of IFN-�, but the percentages of cytokine-
producing CD8 T cells were consistently higher in the spleens
of p55�/� and DKO mice (Fig. 4A). These data suggested that
TNFR deficiency did not affect the development of effector

functions (cytotoxic activity and IFN-� production) in LCMV-
specific CD8 T cells during a chronic LCMV infection. The
total number of epitope-specific IFN-�-producing CD8 T cells
in the spleens of �/� and TNFR-deficient mice is shown in
Fig. 4B. The total number of LCMV-specific CD8 T cells in the
spleens of p75�/� mice was comparable to that in �/� mice.
There was a general trend that spleens of p55�/� mice con-
tained more LCMV-specific CD8 T cells than spleens of �/�
and p75�/� mice; specifically, the total number of GP33- and
GP276-specific CD8 T cells was significantly higher in p55�/�

mice than in �/� and p75�/� mice. Remarkably, however,
irrespective of epitope specificity, the spleens of DKO mice
contained substantially higher numbers of LCMV-specific
CD8 T cells than in �/�, p55�/�, and p75�/� mice. Consistent
with tetramer data (Fig. 3), these data clearly show that TNFRs
might downregulate the expansion of CD8 T cells during a
chronic LCMV infection.

Activation and expansion of virus-specific CD8 T cells in the
secondary lymphoid organs are essential but not sufficient to
clear the infection from the tissues. Virus-specific effector CD8

FIG. 3. Effect of TNFR deficiency on the expansion of virus-specific CD8 T cells during a chronic LCMV infection. Groups of �/�, p55�/�,
p75�/�, and DKO mice were infected with LCMV-clone 13. On the eighth day after infection, splenocytes were stained with anti-CD8, anti-CD44,
and MHC-I tetramers (Db) loaded with the CTL epitope peptides NP396 or GP33 and analyzed by flow cytometry. (A) Dot plots gated on total
CD8 T cells; the numbers represent percentages of epitope-specific CD8 T cells among splenocytes, and numbers in parentheses are percentages
of epitope-specific CD8 T cells per total CD8 T cells in the spleen. (B) Total number of LCMV-specific CD8 T cells in the spleen; the data are
the means of three to nine mice per group � the standard deviation.
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T cells need to extravasate into the peripheral tissues to
achieve viral clearance. We investigated the effect of TNFR
deficiency on the trafficking of virus-specific CD8 T cells into
the peripheral tissues following LCMV-clone 13 infection. On
day 8 p.i., we quantitated nonlymphoid LCMV-specific CD8 T
cells in the lungs and livers of �/�, p55�/�, p75�/�, and DKO
mice. As illustrated in Fig. 5, LCMV-specific CD8 T cells were
detected in significant numbers in the livers and lungs of �/�
mice. The percentages of LCMV-specific CD8 T cells in the
lungs and livers of p55�/�, p75�/�, and DKO mice were com-
parable to those in �/� mice (Fig. 5). These data suggested
that TNFRs are not essential for trafficking of effector CD8 T
cells into the peripheral tissues during a chronic LCMV infec-
tion.

As mentioned before, clearance of a chronic LCMV infec-
tion is dependent upon the functions of both CD8 and CD4 T
cells (42). We examined whether impaired clearance of
LCMV-clone 13 in DKO mice was related to ineffective induc-
tion of CD4 T-cell responses. Activation of T cells is associated
with the upregulation of the cell surface expression of CD44;
while naive T cells are CD44lo, activated or memory T cells are
CD44hi. First, we assessed activation of CD4 T cells by com-
paring the number of naive and activated or memory CD4 T
cells between �/�, p55�/�, p75�/�, and DKO mice on day 8
following LCMV-clone 13 infection. As shown in Fig. 6A, the
number of naive (CD44lo) CD4 T cells was comparable be-
tween �/�, p55�/�, p75�/�, and DKO mice. However, strik-
ingly, the number of activated or memory (CD44hi) CD4 T
cells was significantly higher in the spleens of DKO mice,
compared to that in �/�, p55�/�, and p75�/� mice. We also
quantitated the number of LCMV-specific CD4 T cells in �/�

and TNFR-deficient mice by intracellular staining for IFN-�.
Figure 6B shows the total number of IFN-�-producing LCMV-
specific CD4 T cells in the spleens of LCMV-clone 13-infected
�/�, p55�/�, p75�/�, and DKO mice (day 8 p.i.). Notably,
LCMV-clone 13-infected DKO mice exhibited significantly
higher expansion of LCMV-specific CD4 T cells than in �/�,
p55�/�, and p75�/� mice. Loss of either p55 or p75 alone had
a minimal impact on the activation and expansion of CD4 T
cells during a chronic LCMV infection. These data suggested
that TNFRs p55 and p75 might play redundant roles in down-
regulating activation of CD4 T cells in LCMV-clone 13-in-
fected mice. In summary, data presented in Fig. 3 to 6 strongly
suggest that TNFRs might play an important role in downregu-
lating virus-specific CD8 and CD4 T-cell responses during a
chronic LCMV infection.

Contraction and maintenance of T-cell responses in TNFR-
deficient mice. Next, we performed a series of experiments to
determine the kinetics of LCMV-specific CD8 T-cell responses
in �/� and TNFR-deficient mice. Following infection with
LCMV-clone 13, virus-specific CD8 T cells in the spleen were
enumerated by flow cytometry using MHC-I tetramers. As
shown in Fig. 7, ensuing day 8 p.i., the CD8 T-cell response
underwent a contraction phase in all groups of mice. The
kinetics of the NP396-specific CD8 T-cell response is shown in
Fig. 7A. In the �/� mice, between days 8 and 15 p.i., there was
a sixfold reduction in the number of NP396-specific CD8 T
cells (Fig. 7A). In striking contrast, p55�/� mice showed only a
twofold drop in the number of NP396-specific CD8 T cells
between days 8 and 15 p.i. Interestingly, in the p75�/� mice the
contraction phase of the NP396-specific CD8 T-cell response
seemed to be slightly accelerated, compared to the response in

FIG. 4. Effect of TNFR deficiency on the expansion of virus-specific IFN-�-producing CD8 cells during a chronic LCMV infection. On the
eighth day after infection with LCMV-clone 13, splenocytes from �/�, p55�/�, p75�/�, and DKO mice were stimulated in vitro with the indicated
LCMV CTL epitope peptides. Following in vitro stimulation, cells were stained for cell surface CD8 and intracellular IFN-�. The number of
IFN-�-producing CD8 T cells was determined by flow cytometry. (A) Dot plots gated on total splenocytes; the numbers are the percentages of
IFN-�-producing CD8 T cells per total splenocytes. (B) Total number of epitope-specific IFN-�-producing CD8 T cells; the data are the means
of three to nine mice per group � the standard deviation.
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�/� mice. There was a fivefold drop in NP396-specific CD8 T
cells in DKO mice between days 8 and 15 p.i. By day 30 p.i.,
�95% of NP396-specific CD8 T cells were deleted in all
groups of mice, and by day 47 p.i. NP396-specific CD8 T cells
were barely detectable in a large proportion of LCMV-clone
13-infected mice. However, it is worth noting that (i) on day
15 p.i., spleens of p55�/� contained significantly higher num-
bers of NP396-specific CD8 T cells than those in �/� and
p75�/� mice; (ii) on both days 15 and 30 p.i., the total number
of NP396-specific CD8 T cells was substantially higher in DKO
mice than in �/� and p75�/� mice (Fig. 7A). Data in Fig. 7B
illustrate the kinetics of CD8 T-cell responses to the epitope
GP33 in �/� and TNFR-deficient mice. Compared to �/�
mice, DKO mice exhibited a slight delay in the contraction of
GP33-specific CD8 T cells following LCMV-clone 13 infection.
While in the �/� mice there was a �10-fold drop in the
number of GP33-specific CD8 T cells between days 8 and
30 p.i., in the DKO mice there was only a 5-fold reduction.
However, by day 60 p.i., the total number of GP33-specific
CD8 T cells in p55�/�, p75�/�, DKO, and �/� mice had

reached comparable levels and were maintained for at least
until day 135 p.i.

We also compared the kinetics of “functional” LCMV-spe-
cific CD8 T cells between �/� and TNFR-deficient mice by
intracellular staining for IFN-� (Fig. 8). The effect of TNFR
deficiency on the kinetics of the anti-LCMV CD8 T-cell re-
sponse seemed to be epitope dependent (Fig. 8). As shown in
Fig. 8A, the kinetics of the NP396-specific CD8 T-cell response
were largely comparable between �/� and TNFR-deficient
mice. However, the spleens of DKO mice contained �6- and
3-fold more IFN-�-producing NP396-specific CD8 T cells on
days 15 and 30 p.i., respectively, than those of �/� mice. Data
in Fig. 8B show the progressive drop in the number of IFN-�-
producing GP33-specific CD8 T cells between days 8 and
30 p.i. in all groups of mice. The kinetics of the GP33-specific
response were comparable between �/�, p55�/�, and p75�/�

mice. However, on day 30 p.i., there were significantly more
IFN-�-producing GP33-specific CD8 T cells in DKO mice than
in �/� mice. Figure 8C illustrates the kinetics of the CD8
T-cell response to the GP276 epitope in �/� and TNFR-

FIG. 5. Virus-specific CD8 T cells in the nonlymphoid organs during a chronic LCMV infection. Eight days after infection with LCMV-clone
13, mononuclear cells were isolated from the liver and lung and stained with anti-CD8, anti-CD44, and MHC-I tetramers (Db) (loaded with CTL
epitope peptides NP396 or GP33). The number of tetramer-binding CD8 T cells was quantitated by flow cytometry. The dot plots are gated on
total CD8 T cells, and the numbers are the percentages of tetramer-binding CD8 T cells per total splenocytes. The numbers in parentheses are
percentages of tetramer-binding CD8 T cells per total CD8 T cells.
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deficient mice. The kinetics of the GP276-specific CD8 T-cell
response were comparable between �/�, p55�/�, and p75�/�

mice. Quite remarkably, DKO mice exhibited a delay in the
contraction in the number of IFN-�-producing GP276-specific

CD8 T cells, compared to that in �/� mice; between days 8
and 15 p.i., DKO mice showed minimal reduction in the num-
ber of GP276-specific IFN-�-producing CD8 T cells, compared
to responses in �/�, p55�/�, and p75�/� mice. Notably, be-

FIG. 6. Effect of TNFR deficiency on the expansion of CD4 T cells during a chronic LCMV infection. Groups of �/�, p55�/�, p75�/�, and
DKO mice were infected with LCMV-clone 13, and CD4 T-cell responses were examined 8 days later. (A) On the eighth day after infection,
splenocytes were stained with anti-CD4 and anti-CD44 antibodies and the numbers of naive (CD44lo) and activated (CD44hi) CD4 T cells were
determined by flow cytometry. (B) Eight days after infection, splenocytes were stimulated in vitro with MHC-II-restricted epitope peptide GP61-80,
and the number of IFN-�-producing CD4 T cells was determined by intracellular staining and flow cytometry. Data are the means of three to nine
mice per group � the standard deviation.

FIG. 7. MHC-I tetramers were used to study the kinetics of LCMV-specific CD8 T-cell responses in chronically infected TNFR-deficient mice.
Groups of �/�, p55�/�, p75�/�, and DKO mice were infected with LCMV-clone 13, and the numbers of CD8 T cells specific to the two
immunodominant epitopes NP396 (A) and GP33 (B) in the spleen were determined by staining with MHC-I tetramers. The data are the means
of at least three mice per group at each time point � the standard deviation.
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tween days 30 and 60 p.i., there was an increase in the number
of IFN-�-producing GP33- and GP276-specific CD8 T cells
only in �/� and p75�/� mice (Fig. 8B and C). Several studies
have documented that high LCMV load in the infected host is
associated with functional unresponsiveness of virus-specific
CD8 T cells (inability to produce cytokines upon ex vivo stim-
ulation) (10, 13, 16, 17, 36, 38, 55, 57). However, with decreas-
ing viral burden, these dysfunctional CD8 T cells gradually
regain their ability to produce cytokines. The observed in-
crease in the numbers of GP33- and GP276-specific CD8 T
cells between days 30 and 60 p.i. likely reflect reacquisition of
a cytokine-producing ability associated with decreasing viral
load in spleens and other organs of �/� and p75�/� mice
(Table 1 and Fig. 1). In contrast to �/� and p75�/� mice,
p55�/� and DKO mice continued to harbor high levels of
LCMV in their tissues after 60 days p.i. (Fig. 1). On day
195 p.i., we examined the long-term effect of virus persistence
on the functional responsiveness of LCMV-specific CD8 T
cells in DKO mice by intracellular staining for IFN-�. As
shown in Fig. 9, on day 195 p.i., consistent with viral clearance
(Fig. 1), IFN-�-producing GP33- and GP276-specific CD8 T
cells were readily detected in �/� and p75�/� mice. In striking
contrast, CD8 T cells from DKO mice were functionally unre-
sponsive and failed to produce detectable levels of IFN-� upon
antigenic stimulation in vitro. Our inability to detect IFN-�-
producing cells in response to stimulation with GP33 peptide
in DKO mice was not due to clonal deletion of GP33-specific
CD8 T cells. This is because GP33-specific CD8 T cells were
present in these DKO mice, as detected by MHC-I tetramers
(Fig. 7). However, in the case of NP396-specific CD8 T cells,
lack of IFN-� production in all groups of mice was due to
physical deletion and not due to functional unresponsiveness.
In summary, at least until day 60 p.i., a time point by which
�/� mice had cleared LCMV to a large extent, DKO mice had

comparable or higher numbers of IFN-�-producing (func-
tional) CD8 T cells. Taken together these data suggested that
impaired LCMV clearance in DKO mice might not be due to
defective CD8 T-cell activation but are likely due to lack of
TNF-dependent antiviral effects.

Maintenance of CD8 T-cell responses during a chronic
LCMV infection is dependent upon CD4 T cells (42). We
examined the effect of TNFR deficiency on the kinetics of
LCMV-specific CD4 T-cell response by intracellular staining
for IFN-� (Fig. 10). As shown in Fig. 10, on days 8, 15, and
30 p.i., the spleens of DKO mice contained considerably more
LCMV-specific CD4 T cells than in �/� mice; there were
14-fold and 6-fold more LCMV-specific CD4 T cells in DKO

FIG. 8. Kinetics of IFN-�-producing CD8 T cells in TNFR-deficient mice during a chronic LCMV infection. On the indicated days after
infection with LCMV-clone 13, splenocytes were stimulated with the indicated CTL epitope peptide (NP396, GP33, and GP276) and the number
of IFN-�-producing CD8 T cells was determined by intracellular staining followed by flow cytometry. The data are the means of at least three mice
per group at each time point � the standard deviation.

TABLE 1. Viral titers in the spleens of LCMV-clone
13-infected mice

Group
LCMV titer (log10 PFU/spleen)a

Day 8 Day 15 Day 30 Day 60

�/� 7.3 6.4 5.3 3.7
7.2 6.3 5.0 	2.0
7.8 6.3 5.6 	2.0

p55�/� 7.3 5.9 5.3 3.0
7.3 5.8 5.4 4.0
7.7 ND ND 3.9

p75�/� 7.4 6.0 5.0 	2.0
7.5 6.0 5.1 	2.0
7.6 ND 4.7 	2.0

DKO 7.4 6.1 5.3 2.0
7.6 5.9 5.0 5.0
7.7 6.1 5.0 3.7

a Groups of �/�, p55�/�, p75�/�, and DKO mice were infected with LCMV-
clone 13, and viral titers in the spleens were determined by a plaque assay on the
indicated day after infection. The data are the viral titers of individual mice. ND,
not done.
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mice on days 15 and 30 p.i., respectively, compared to levels in
�/� mice. However, by day 60 p.i., the total number of IFN-
�-producing CD4 T cells in DKO mice were reduced to levels
comparable to those in �/� mice. After 60 days p.i., CD4 T
cells from both �/� and DKO mice did not produce detect-
able levels of IFN-� upon in vitro stimulation. Nonetheless,
these data implied that impairment of LCMV clearance in
DKO mice is not likely due to ineffective activation and main-
tenance of CD4 T cells.

Effect of TNFR deficiency on antibody responses to LCMV-
clone 13. While the importance of T cells in the resolution of
LCMV-clone 13 infection is well documented, the role of an-
tibodies is unclear. Long-term control of a persistent LCMV
infection, especially under conditions of CTL deficiency, seems
to be dependent upon antibodies (50). We investigated the
effect of TNFR deficiency on the elicitation of antibody re-
sponses during a chronic LCMV infection. Data in Fig. 11
show the kinetics of antibody responses to LCMV-clone 13 in
�/� and TNFR-deficient mice. In all groups of mice, high
titers of anti-LCMV antibodies were detected by day 8 p.i. and
were maintained thereafter at least until day 135 p.i. On day
135 p.i., the titers of anti-LCMV antibodies in sera of p55�/�

and DKO mice were slightly lower than those in �/� and
p75�/� mice. Overall, loss of TNFRs did not significantly affect
the kinetics and magnitude of antibody responses to LCMV-
clone 13.

DISCUSSION

TNF is a prototypic proinflammatory cytokine produced
predominantly by activated macrophages and T cells. In addi-
tion to its importance in orchestrating the inflammatory cas-
cade, TNF exerts potent antimicrobial and immune regulatory
effects (24). In this study, we have documented the role of
TNF-TNFR interactions in mediating viral clearance and reg-
ulating the kinetics of the T-cell response during a chronic
infection with LCMV in mice. We have shown for the first time
that TNF-TNFR interactions might be required for the reso-
lution of a chronic infection with a noncytopathic virus,
LCMV. We further showed that TNFRs play distinct roles in
downregulating LCMV-specific CD8 and CD4 T-cell re-
sponses during a chronic LCMV infection.

Elucidation of effector mechanisms of viral clearance is an
area of intense investigation in an effort to identify specific
antiviral agents to purge an ongoing infection or to develop
effective vaccines that can provide protective immunity in the
event of an infection. It is well established that CD8 T cells
play an important role in controlling several viral infections in
humans and mice (58). As mentioned before, CD8 T cells exert
their effector function by lysing virally infected cells via per-
forin-dependent cell-mediated cytotoxicity or the production
of cytokines like IFN-� and TNF (25). LCMV-Arm replicates
primarily in the spleen and induces an acute infection that is
cleared in 8 to 10 days (2). Although control of an acute
LCMV infection is critically dependent upon perforin-depen-
dent cytotoxicity of CD8 T cells, IFN-� deficiency leads to a
delay in viral clearance (29, 35, 39, 45, 56). TNF activity does

FIG. 9. Functional unresponsiveness of CD8 T cells in persistently
infected TNFR-deficient mice. At 195 days after infection with
LCMV-clone 13, splenocytes were stimulated with the indicated
LCMV CTL epitope peptide and the number of IFN-�-producing CD8
T cells was determined by intracellular staining. The dot plots are
gated on total splenocytes, and the numbers represent percentages of
IFN-�-producing CD8 T cells per total splenocytes.

FIG. 10. Kinetics of CD4 T-cell responses in TNFR-deficient mice
during a chronic LCMV infection. Groups of mice were infected with
LCMV-clone 13, and on the indicated days postinfection virus-specific
CD4 T-cell responses were quantitated by intracellular staining for
IFN-� following in vitro stimulation with the MHC-II-restricted
epitope peptide GP61-80. The data are the means of at least three
mice per group at each time point � the standard deviation.
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not seem to be essential to clear an acute LCMV infection
(32). In contrast to LCMV-Arm, LCMV-clone 13 replicates to
very high levels in multiple organs, resulting in a disseminated
infection lasting 3 to 6 months (1, 2). The molecular mecha-
nisms underlying the resolution of a chronic LCMV infection
are not well understood. In this study, we showed that TNF-
TNFR interactions might be important in the clearance of
LCMV-clone 13 from liver and lung. While deficiency in
TNFR II alone did not affect the control of LCMV-clone 13,
loss of TNFR I caused a delay in viral clearance from liver.
Loss of both TNFR I and TNFR II resulted in uncontrolled
viral replication in the liver and LCMV persistence. Similar to
the liver, LCMV clearance from the lung did not depend upon
TNFR II. Notably, deficiency of TNFR I alone was sufficient to
inhibit LCMV clearance from the lung. Taken together, these
data strongly suggest an important role for TNFR I in the
successful resolution of a chronic LCMV infection from the
liver and lung. The control of LCMV-clone 13 is dependent
upon both CD8 and CD4 T cells (42). However, the impair-
ment in the clearance of LCMV-clone 13 in TNFR I and DKO
mice is not due to a defect in the activation and expansion of
LCMV-specific CD8 and CD4 T cells. Further, similar num-
bers of LCMV-specific CD8 T cells were detected in the livers
and lungs of �/� and TNFR-deficient mice. Therefore, it is
unlikely that suboptimal activation or defective trafficking of
CD8 T cells into the lung and liver accounts for ineffective
LCMV clearance in TNFR I or DKO mice. Under conditions
of CTL deficiency, neutralizing antibodies might be important
in controlling a persistent LCMV infection (50). Although our
studies showed that TNFR deficiency did not significantly im-

pact the titers of anti-LCMV antibodies in the serum of
LCMV-clone 13-infected mice, further studies are warranted
for qualitative characterization of antibody responses in
TNFR-deficient mice.

The CD8 T-cell response in acute and chronic LCMV in-
fections has been studied extensively (reviewed in reference
58). The CD8 T-cell response to an acute LCMV infection
comprises three distinct phases: (i) an expansion phase, when
naive CD8 T cells are activated to undergo extensive prolifer-
ation and differentiation into effector cells; (ii) a contraction
phase, when �90% of the expanded CD8 T cells are elimi-
nated by apoptosis; and (iii) a memory phase, when a stable
number of memory CD8 T cells are maintained for an ex-
tended period of time. In striking contrast to an acute LCMV
infection, viral persistence during a chronic LCMV infection is
associated with suppressed CD8 T-cell responses. The suppres-
sion of the CD8 T-cell response during a chronic LCMV in-
fection includes greatly reduced CD8 T-cell expansion and
complete loss of CD8 T cells specific to the immunodominant
epitope, NP396 (57, 59). The present study suggests that TNF-
TNFR interactions might contribute to the suppression of T-
cell expansion during a chronic LCMV infection; spleens of
DKO mice contained significantly higher numbers of LCMV-
specific CD8 and CD4 T cells on day 8 p.i. than those of �/�
mice. Markedly increased expansion of LCMV-specific T cells
seen in DKO mice and not in either p55�/� or p75�/� mice
suggests some degree of redundancy between TNFRs I and II
to suppress T-cell responses in vivo. A previous study has
shown that interleukin-12 treatment-induced suppression of
CD8 T-cell responses to LCMV is TNF dependent (47).

Similar to an acute LCMV infection, ensuing the expansion
phase, CD8 T-cell responses undergo a programmed contrac-
tion phase in a chronic infection (5, 46, 57). However, it is
worth pointing out that the contraction of the CD8 T cells seen
in an acute infection coincides with viral clearance, and con-
traction seen in a chronic infection occurs in the presence of
high viral load. Therefore, the mechanisms of CD8 T-cell con-
traction are likely different between acute and chronic infec-
tions. The magnitude of contraction of CD8 T cells in a chronic
LCMV infection varies in an epitope-dependent fashion; while
CD8 T cells specific to all epitopes are lost in significant num-
ber, CD8 T cells specific to the epitope NP396 are completely
deleted (59). It was recently shown that the selective deletion
(exhaustion) of NP396-specific CD8 T cells occurs because
NP396 peptide is presented at a higher level on infected cells,
compared to other epitopes (57). Repeated encounter with
antigen might lead to deletion of NP396-specific CD8 T cells
by a process called activation-induced cell death (AICD). Sev-
eral mechanisms, including perforin, Fas, and TNF, can cause
AICD of activated T cells in vitro (52, 53, 61). The deletion of
NP396-specific CD8 T cells is highly attenuated in persistently
infected perforin-deficient mice (62). However, during a per-
sistent LCMV infection, loss of Fas or TNFR I interactions
only slightly delayed but did not prevent the deletion of
NP396-specific CD8 T cells (62). Consistent with this report,
our studies showed that deletion of NP396-specific CD8 T cells
was delayed in TNFR I-deficient mice (62). Although TNFR II
(p75) has been shown to mediate TNF-induced AICD of T
cells in vitro (61), surprisingly, the exhaustion of NP396-spe-
cific CD8 T cells in chronically infected p75�/� or DKO mice

FIG. 11. Kinetics of antibody responses in TNFR-deficient mice
during a chronic LCMV infection. Groups of �/�, p55�/�, p75�/�,
and DKO mice were infected with LCMV-clone 13. On the indicated
days postinfection, LCMV-specific antibody titers in the serum were
determined by an ELISA. The data are the means of three mice per
group � the standard deviation at each time point.
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was unperturbed. Even though CD8 T cells specific to GP33
and GP276 were spared from deletion, a substantial number of
these cells were lost between days 8 and 30 after infection with
LCMV-clone 13 in the �/� mice. In this study, the contraction
of GP33- and GP276-specific CD8 T cells was delayed only in
DKO mice and not in p55�/� or p75�/� mice. These studies
indicated that TNFRs might play an ancillary role in regulating
clonal deletion of LCMV-specific CD8 T cells during a chronic
LCMV infection. Perhaps perforin is the major player in me-
diating the programmed contraction of CD8 T-cell responses,
with significant contributions from both Fas and TNFRs.

What are the implications of the findings documented in this
report? The outcome of a viral infection with a noncytopathic
virus like LCMV is dependent upon complex interactions be-
tween the virus and the immune system. LCMV-clone 13 es-
tablishes a disseminated infection in mice, which includes ram-
pant replication in vital organs like the liver, lung, and heart (1,
2). Notably, LCMV-clone 13 is highly hepatotropic, and titers
in the liver can be as high as 8.0 log10 PFU/gram of tissue. An
uncontrolled CD8 CTL response in an LCMV-clone 13 infec-
tion can result in massive tissue damage and hepatic failure. To
avoid such a catastrophe, there is a need to dampen the CD8
T-cell response and/or achieve viral clearance by noncyto-
pathic means via cytokines that can purge viral replication with
minimum cellular damage. Our study shows that TNF-TNFR
interactions are critical in both downregulating CD8 T-cell
responses and mediating LCMV clearance from the tissues.
These findings might have implications in therapy of HBV- or
HCV-infected people, because poor CD8 T-cell response in
HBV infection is associated with viral persistence and a pro-
tracted course of the disease (30, 34, 40). Perhaps, short-term
immunotherapy of HBV- or HCV-infected patients to modu-
late TNF activity might enhance CD8 T-cell responses without
compromising viral clearance. Alternatively, TNF administra-
tion might be used as an adjunct with other treatment modal-
ities to accelerate HBV clearance. Prolonged anti-TNF ther-
apy is commonly used to treat immune-mediated diseases like
rheumatoid arthritis (11, 12). Anti-TNF therapy arguably has
tremendous beneficial effects clinically due to suppression of
joint inflammation. However, the present study and earlier
reports (31, 37) suggest that anti-TNF therapy might neutralize
the T-cell-suppressive function of TNF, which in turn might
lead to enhanced activity of joint-reactive T cells. Furthermore,
our data suggest that prolonged neutralization of TNF in vivo
might predispose patients to infections, which is consistent
with increased upper respiratory tract infections in arthritic
patients undergoing treatment with TNF inhibitors (11). In
summary, the findings presented in this paper should enhance
our understanding about the pathobiology of TNF in vivo in
the context of a chronic viral infection.
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