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High antigen levels are the cause of T cell exhaustion
during chronic viral infection
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Many persistent viral infections induce dysfunctional T cell re-
sponses. Although a negative correlation exists between viral load
and T cell responses during chronic infection, it is not known
whether high antigen levels are the cause or just the consequence
of T cell exhaustion. Furthermore, it is unclear what role antigen
presentation by bone-marrow (BM) derived versus infected paren-
chymal cells has on T cell exhaustion. To address these issues, we
examined the influence of antigen presentation by different cell
types on CD8* T cell responses during persistent infection of mice
with lymphocytic choriomeningitis virus (LCMV) clone 13. We
generated BM chimeric mice, in which non-BM derived cells were
MHC class | deficient. Virus-specific CD8* T cells in lymphoid and
nonlymphoid tissues were increased in both number and ability to
produce cytokines in these mice soon after infection. However,
viral clearance from infected MHC I/~ parenchyma was signifi-
cantly impaired, despite increased populations of cytokine produc-
ing CTL. The CD8* T cell response was overwhelmed by sustained
antigen persistence, becoming increasingly exhausted within 4-6
weeks. Thus, we find that (/) sustained antigen presentation
directly drives T cell exhaustion during a chronic viral infection, (ii)
CTL require direct antigen-MHC interactions to clear virus-infected
cells, and (iii) persistent interactions with antigen presented on
both hematopoietic and nonhematopoietic cells negatively im-
pacts virus-specific T cell responses during chronic infection.

antigen presentation | immune exhaustion | T cell dysfunction

M any chronic infections generate functionally impaired an-
tigen-specific T cell populations. An understanding of the
factors responsible for the generation of these T cell populations
is important for the development of therapeutic treatments.
Functional exhaustion and deletion of CD8" T cells has been
documented during chronic human infections such as HIV
(HIV), hepatitis B virus (HBV), hepatitis C virus (HCV) and
human T-lymphotropic virus (HTLV) (1-3). The exact mecha-
nisms by which infections either resolve in the acute phase or
become chronic are largely unknown, although viral load, tissue
tropism and the immune response appear intimately involved.

During chronic infection there is an hierarchical loss of T cell
function, from mild exhaustion to deletion of the responding
cells. Cytotoxic T cells (CTL) lose the ability to produce IL-2,
followed by TNF-a and finally IFN-y as they become more
exhausted (4, 5). Alterations to the immunodominance hierarchy
and tissue distribution of virus-specific T cells also occurs. We
recently identified a major inhibitory pathway, consisting of the
inhibitory receptor programmed death 1 (PD-1), which is im-
portant for T cell exhaustion during chronic LCMYV infection (6).
Studies have also demonstrated that the maintenance or survival
of CTL during a chronic viral infection requires antigen and
extensive cell division, in contrast to normal memory cell
maintenance, which is antigen independent (7, 8). Despite these
studies, the role of antigen in influencing functional exhaustion
has yet to be defined.

Viruses that induce a latent infection (such as HSV), followed
by periods of reactivation, induce functional T cell memory.
Infections characterized by low levels of viremia (such as CMV),
may induce partial functional impairment of virus-specific CTL.
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In contrast, high level persisting viremia induces more severe T
cell dysfunction (such as HIV, HBV, and HCV in humans; SIV
in primates; and LCMV in mice). A correlation between viral
load and CTL function has been suggested in human chronic
infections such as HIV (9, 10). However, this remains poorly
defined and a recent study suggested that proliferative capacity,
rather than function, correlated inversely with viral load (11).
Numerous factors may be influenced by pathogen load, including
available levels of different epitopes, levels of inflammatory
cytokines and chemokines and tissue accumulation of different
immune cells. A number of studies have also shown that CD4-
help is important for sustaining CTL responses during persistent
infection (5, 12). Thus, it remains unclear whether antigen levels
directly drive T cell exhaustion during chronic infection or
whether reduced T cell function results from other mechanisms.

Here, we examined the role of antigen presentation after
chronic infection of mice with LCMV CL-13. LCMYV infects cells
by binding to alpha-dystroglycan (a-DG) (13), which is expressed
in association with extracellular matrix (ECM) components on
stromal and epithelial cells in many tissues, and on dendritic cells
(14, 15). We have recently shown that LCMV CL-13 preferen-
tially infects stromal fibroblastic reticular cells (FRC) in the
lymphoid tissues (16), and presumably also targets nonhemato-
poietic cells in other tissues. Using BM chimeric mice lacking
MHC class I (MHC I7/7) on radio-resistant non-BM cells, we
show here that T cell function was directly influenced by antigen
presentation. In the absence of nonhematopoietic antigen pre-
sentation CD8™" T cell responses in both lymphoid and nonlym-
phoid tissues were initially larger and more functional, despite a
2- to 4-fold higher viral load. However, enhanced cytokine
production by responding CTL was not sufficient for clearance
of virus from infected MHC 17/~ tissues, demonstrating a
requirement for antigen-MHC interactions to clear virus-
infected cells. Viral loads in blood and tissues were 10-fold
higher in the MHC I7/~ chimeric mice within 4-6 weeks, and
resulted in a subsequent decline in T cell numbers and function.
These results demonstrate that the amount of direct antigen
presentation, from both hematopoietic and nonhematopoietic
cells, controls T cell exhaustion during chronic infection.

Results and Discussion

Antigen Presentation by Nonhematopoietic Cells Influences T Cell
Function During Chronic Infection. Many organs, including the
spleen, lymph nodes, brain, kidney, lung and liver, gut, and
pancreas sustain high levels of infected cells during CL-13
infection (4). The expression of a-DG on fibroblasts and epi-
thelial cells in these tissues (14) suggests that these cells may be
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Fig.1. Virus-specificCD8" T cell responses in MHC -/~ BM chimeras. (A) MHC
1=/~ or wild-type (WT) mice were reconstituted with WT BM (WT — MHC I/~
or WT — WT) and infected with LCMV CL-13. (B) DPGP33-specific CD8* T cells
were analyzed in the spleen 15 days later. Expression of the indicated markers
on Tetramer-specific CD8" T cells (black histograms). Control staining of naive
CD8" T cells from the mice is shown (gray histograms). (C) Quantitation of
DPGP33- and DPGP276-specific T cells in the spleen, liver and lung 15 days after
infection. *, P < 0.05; error bars represent SEM. One representative experi-
ment of 3 is shown.

an important target of CL-13 infection. We have shown that
ER-TR7" FRC are infected by LCMV CL-13 in the spleen and
lymph nodes (16). We also observed LCMV antigen colocaliza-
tion with ER-TR7" fibroblast-like cells in the brain, liver and
kidney after CL-13 infection (Fig. S1). To examine the role of
antigen presentation by infected non-BM derived cells on the
size and function of the responding virus-specific CD8* T cell
pool we generated BM chimeras by lethally irradiating WT or
MHC class I/~ mice, and reconstituting them with WT BM (Fig.
14). The resulting chimeras either lacked MHC class I on
nonhematopoietic cells (WT — MHC I7/7) or had normal
expression (WT — WT). To reconstitute the mature CD8" T cell
population in WT — MHC I/~ mice, which lack the ability to
select a naive MHC class I-restricted CD8* T cell pool in the
thymus, mice were given 5 X 107 splenocytes from normal mice
before infection. The chimeras displayed similar populations of
MHC class I" CD4 and CD8 T cells before infection (Fig. S2).

To assess the role of antigen presentation by nonhematopoi-
etic cells during infection, the chimeric mice were infected with
LCMV CL-13 and antigen-specific CD8" T cells examined by
MHC class I tetramer staining after 15 days. Mice lacking MHC
I on non-BM cells generated increased numbers of gp33- and
gp276-specific CD8* T cells in the spleen after LCMV CL-13
infection, in comparison with mice with class I-sufficient paren-
chyma (Fig. 1 B and C). Responding antigen-specific cells were
MHC class I restricted and expressed low levels of CD62L and
high levels of inhibitory PD-1 in both groups of mice (Fig. 1B and
Fig. S2). Interestingly, the level of PD-1 expression in WT —
MHC I/~ mice [mean fluorescence intensity (MFI): 65 + 5] was
lower than that in WT — WT (MFI: 85 = 5.5) mice, which may
be indicative of reduced interaction with antigen (17, 18). CTL
from MHC I/~ mice also expressed lower levels of CD43 (1B11)
(Fig. 1B), although other cell surface markers associated with
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activation were similar (Fig. S3). These data suggested that the
responding CTL were “seeing” less antigen because of an
inability to interact with infected MHC 17/~ nonhematopoietic
cells. Indeed, in agreement with a previous report (19), we
observed reduced responses to acute LCMV Armstrong infec-
tion of WT — MHC 17/~ mice, further demonstrating that
nonhematopoietic cells represented a significant source of an-
tigen presentation during LCMV infection.

We next examined the function of virus-specific CTL gener-
ated in the MHC class I/~ BM chimeric mice after CL-13
infection. A higher proportion and number of virus-specific T
cells were capable of producing IFN-vy in the spleen of MHC
class I7/~ chimeric mice compared with control WT chimeric
mice (Fig. 2 4 and B). This was observed in CTL responding to
6 different LCMV epitopes (NP396, GP33, GP276, GP118,
NP235, and NP205). Moreover, the cells produced greater
amounts of IFN-vy, as demonstrated by the MFI of cytokine
staining after peptide stimulation (Fig. 2C). We also observed
significantly increased TNF-« production in T cells responding
to 5 of the 6 epitopes (Fig. 2 A and D). This enhanced
functionality indicated that these cells were less exhausted than
those generated in mice with MHC I-sufficient parenchyma.
However, IL-2 production was unchanged in these mice (data
not shown), demonstrating that the cells remained partially
dysfunctional (4). As we expected, antigen-specific CD4" T cell
responses in these mice were unchanged (Fig. 2F), suggesting
that the increased CTL responses were not due to altered T cell
help.

During LCMV CL-13 infection large numbers of CTL can be
found within infected nonlymphoid organs and tissues (4). We
compared antigen-specific responses in the liver and lungs from
both groups of chimeric mice 15 days after infection. Increased
numbers of D’GP33- and D*GP276-specific cells were found in
the liver and lungs of mice lacking MHC I on non-BM cells (Fig.
1C). As we had observed in the spleen, there were higher
numbers of GP33- and GP276-specific cells producing IFN-y in
these mice (Fig. 2E). Antigen-specific cells from WT — MHC
I/~ mice produced more IFN-vy, and of these, a greater pro-
portion were capable of producing TNF-« upon peptide stimu-
lation (data not shown). Surprisingly, despite enhanced CTL
function, viral titers in the blood and tissues were increased 2- to
4-fold in mice lacking MHC I on non-BM cells (Fig. 2G).
Together, these data demonstrate that antigen presentation by
nonhematopoietic cells influenced CTL number and function in
both lymphoid and nonlymphoid tissues during chronic LCMV
CL-13 infection. Moreover, these data suggest that antigen-
MHC interactions directly influenced viral clearance and the
development of functional T cell exhaustion after infection.

T Cell Mediated Bystander Affects Are Insufficient to Mediate Viral
Clearance from Cells Lacking MHC I. The above experiments dem-
onstrated that MHC class I™/~ BM chimeric mice generated
increased populations of functional CD8* T cells soon after
LCMYV CL-13 infection, yet viral titers were higher in the blood
and tissues of these mice. Because these cells showed an en-
hanced capability of producing cytokines, it remained possible
that viral clearance may be improved in these mice over time.
Such clearance would have required bystander effects by cyto-
kines produced by CTL in the tissues, in the absence of direct
antigen-specific TCR-MHC interactions with infected MHC
I/~ cells. However, within 4 weeks after infection mice lacking
MHCI on non-BM cells demonstrated a 10- to 25-fold increase
in viral titers in the blood and tissues compared with WT mice
(Fig. 34). This was indicative of a reduced ability to clear virus
from infected class I negative non-BM cells. Moreover, expres-
sion of PD-1 on antigen-specific CD8* T cells in WT — MHC
I/~ mice, although significantly lower than that in WT — WT
at day 15, remained high on both GP33- and GP276-specific cells
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Fig. 2. Enhanced cytokine production by virus-specific CD8" T cells in MHC I~/~ BM chimeras. (A) IFN-y and TNF-a production by GP33-, GP276-, and
GP118-specific CD8" T cells from spleens of chimeric mice 15 days after LCMV CL-13 infection. Numbers represent the percentage of IFN-y* CD8" T cells that are
TNF-a*. (B) The number of splenic CD8* T cells producing IFN-y upon stimulation with either of 6 LCMV peptides as indicated. (C) Mean fluorescence intensity
(MFI) of IFN-y expression in the 6 antigen-specific CD8* T cell populations after CL-13 infection. (D) TNF-a production by IFN-y* CD8* T cells upon stimulation
with the indicated peptides. (E) The number of gp33- or gp276-specific CD8* T cells from the liver or lung producing IFN-y upon stimulation. (F) Equivalent
GP61-specific CD4" T cell responses in the spleen after infection, as measured by production of IFN-y by antigen-specific cells. (G) Viral titers in the blood, spleen
and liver in chimeric mice 15 days after LCMV CL-13 infection. Numbers above WT — MHC I/~ bars represent fold increase in viral titer over that in WT — WT
mice. *, P = <0.05; **, P = <0.01; error bars represent SEM. One representative experiment of 2-3 is shown.

41 days after infection (Fig. 3B). This was indicative of the = However, numbers of responding cells were similar or slightly
persistence of high levels of antigen, because PD-1 expression  lower in the liver and lungs of MHC I/~ mice compared with
correlates with levels of virus in the tissues during chronic ~ WT mice. We examined this in more detail by comparing
LCMV infection (17). Early control of virus during Cl-13  numbers of GP33- or GP276-specific tetramer-positive cells or
infection depends on CD8* T cells (20), and perforin (21, 22)  IFN-y producing CD8* T cells in the spleen, liver, and lungs 41
and IFN-y (23). Although it is generally thought that CTL  days after infection with the populations detected at day 15. By
mediate antiviral clearance in vivo by killing of target cells (24),  day 41 postinfection, the populations of responding GP33- and
clearance of viral infections, including LCMV, can involve  GP276-specific cells in the spleens of WT mice was 5- to 10-fold
antiviral cytokines (TNF-a and IFN-vy) without cell lysis (25).  lower than at day 15 (Fig. 4B and Fig. S4). A 2- to 5-fold
However, it has remained unclear whether direct antigen-  reduction was observed in the lungs, whereas responses in the
specific recognition via MHC is required for CTL to mediate  liver of WT mice were up to 3-fold higher than those at day 15,
clearance in vivo during infection. In regards to this, our data  similar to that observed previously (4). Remarkably, responding
show that viral clearance during chronic infection required direct ~ CD8* T cell numbers in WT — MHC I/~ mice were 5- to
antigen-specific recognition of infected cells by CTL. 30-fold lower in the spleen and up to 20-fold lower in the liver

and lungs at day 41 when compared with that at day 15 (Fig. 4B
Persistence of Antigen-MHC Complexes Drives Functional Exhaustion  and Fig. S4). This greater reduction in numbers of antigen-
in T Cells. The experiments above demonstrated that antigen-  specific cells in MHC 17/~ chimeras was specific for the CD8*
MHC complexes drive T cell exhaustion, yet were required for T cells, because similar numbers of GP61-specific CD4" T cells
clearance of virus from the tissues. Because viral titers continued ~ were detected in both WT and MHC I/~ mice at this time (Fig. S4).
to rise in mice lacking MHC class I (Fig. S4), and thus presum- The presence of highly functional CD8* T cells, represented
ably increased the burden of infected MHC I BM-derived cells by the proportion of tetramer-positive cells that produced both
and MHC I~ non-BM cells, we examined what effect this IFN-y and TNF-a after peptide stimulation, was significantly
persistent high dose antigen had on the responding T cells over  increased 15 days after infection of MHC class I-deficient
time. Numbers of tetramer positive T cells and functional IFN-y  chimeric mice in comparison with WT mice (Fig. 4C). In
producing antigen-specific CD8" T cells remained increased in  contrast, 6 weeks after infection, a similar proportion of
the spleens of MHC I deficient chimeras 6 weeks after infection  tetramer-positive cells produced both IFN-y and TNF-« in WT
when compared with WT chimeras (Fig. 44 and Fig. S4). or MHC I/~ BM chimeras. Together, these data suggest that

Mueller and Ahmed PNAS | May 26,2009 | vol. 106 | no.21 | 8625

IMMUNOLOGY


http://www.pnas.org/cgi/data/0809818106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0809818106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0809818106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0809818106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0809818106/DCSupplemental/Supplemental_PDF#nameddest=SF4

Lo L

P

1\

BN AN PNAS D

A Blood Spleen
106 *kk 10 * 107y
— % — %
oy 2 2
£ 2107 210%
2 ()] o
108 3 3
> a e
> > 10 > 105
S S s
9 9
10% 105 10°%-
B Spleen Liver Lung
D°GP33’]
day15
DbGP276 |
¢ e “oBT
Spleen Liver Lung
D°GP33’
day40 -
D°GP276

PD-1

Fig. 3.

Liver Lung
10 EWT - WT
P, *k CWT — MHC I
Kk g —
2
Sho”
&
>
=
S
106 =
D*GP33 D*GP276
150: * 1509 *
* *% ,—|** ,—|**
w1004 M1 1 100
o
o
[
= 50 50
0 o

Spleen Liver Lung Spleen Liver Lung

D°GP33 DGP276
80 80
*
||
60 60
)
o 40 40
[
=
20 20
o o

Spleen Liver Lung Spleen Liver Lung

Reduced viral clearance in mice lacking MHC | on nonhematopoietic cells. (A) Viral titers were measured in the serum, spleen, liver and lungs 30 days

after LCMV CL-13 infection. (B) Changes in PD-1 expression on antigen-specific CD8* T cells 2 and 6 weeks after infection. Representative expression of PD-1 on
DPGP33- and DPGP276-specific CD8* T cells in the indicated tissues from WT — WT mice (open histograms) and WT — MHC |-/~ mice (filled histograms) is shown
at Left. Graphs depict the mean fluorescence intensity (MFI) of PD-1 expression on the tetramer positive cells. *, P = <0.05; **, P = <0.01; error bars represent
SEM. All histograms are representative of 2-3 independent experiments and summarized results are pooled from 2 experiments (n = 4-10 mice per group).

sustained high levels of virus in the WT — MHC I/~ mice
resulted in increased functional exhaustion of the responding
CD8™" T cells. Although reducing the availability antigen-MHC
class I molecules on nonhematopoietic cells initially improved T
cell function, an inability to clear virus from infected parenchy-
mal cells resulted in increased systemic viral load, and presum-
ably the number of infected BM-derived cells. This demonstrates
that both BM- and non-BM-derived cells can influence func-
tional exhaustion of T cells in an antigen-dependent manner.
Thus, the amount of antigen that T cells see in the context of
MHC class I influences their functional state, and inversely, their
ability to control the infection. The inflammatory mileau may be
increased because of sustained high viral titers, and contribute
to exhaustion in these mice. Further, the duration of antigen
presentation may also influence exhaustion, suggesting that
cumulative signals received after infection may contribute to T
cell health and function. Finally, the lack of thymic output
throughout infection (26, 27) in the MHC I/~ BM chimeric
mice, may have also contributed to the decreasing responses later
after infection in these mice because of a lack of continuous
recruitment of naive cells.

Viral tropism, specifically the number and type of cells in-
fected, will likely have a significant impact on the total antigenic
burden seen by responding T cells. LCMV CL-13 has a broader
tropism and higher degree of infectivity than LCMV Armstrong
(28), due at least in part to a higher affinity for a-DG (15). The
relative contributions of different cell types, for example infected
stromal cells versus infected antigen-presenting cells, may also
influence the function of T cells in different tissues. It is likely
that different signals, including inhibitory signals [such as PD-1
ligand 1 (PD-L1) or IL-10 (6, 29)] or lack of costimulatory
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molecules, and local concentrations of antigen-MHC complexes
will influence T cell responses. Indeed, concurrent interaction
with inhibitory ligands such as PD-L1 and antigen-MHC mole-
cules on nonhematopoietic cells may further enhance T cell
exhaustion (30).

It is well established that persistent infections both in humans and
in animal models induce T cell responses that display progressive
dysfunction, which is thought to contribute to the persistence of the
pathogen in the host. It has been unclear whether antigen is the
cause or simply the consequence of such T cell dysfunction, despite
acorrelation between pathogen load and T cell numbers or function
in a number of infections, such as HIV and LCMV. A recent report
suggested that persistent antigen may be the cause of reduced T cell
responses during chronic HIV infection, because reduction in
pathogen or antigen levels improved T cell responses (31). By
restricting antigen presentation to BM cells in WT — MHC I/~
mice we demonstrate that antigen-MHC complexes directly influ-
enced T cell function during a chronic viral infection. Use of WT —
MHC 17/~ chimeras meant that thymic selection of CD8" T cells
was impaired. We corrected for this by transferring WT spleno-
cytes. This resulted in a smaller CD8" T cell pool before infection
(3.6% versus 7.9% CD8* T cells in WT — WT and WT — MHC
I/~ mice, respectively). Despite starting at a lower frequency, T
cells in the WT — MHC I/~ mice expanded to a higher level than
that in WT — WT mice (see Figs. 1-3). This further supports a role
for MHC I interactions in influencing exhaustion after infection.

In conclusion, our system allowed direct measurement of the
contribution of antigen-MHC complexes to T cell exhaustion
during a chronic infection, in the presence of similar inflamma-
tory and helper T cell environments. Functional exhaustion of
CD8 T cells was influenced by antigen presentation by both

Mueller and Ahmed
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Fig.4. Persistent high levels of antigen drive functional exhaustion of T cells. (A) Total number of IFN-y producing CD8* T cells responding to 6 LCMV epitopes
(NP396, GP33, GP276, GP118, NP235, and NP205) in the spleen, liver and lungs 41 days after CL-13 infection. (B) The frequency of CD8* T cells producing IFN-y
after GP33 or GP276 peptide stimulation at day 41 postinfection, relative to that at day 15. (C) The proportion of D*GP33-specific CD8* T cells producing IFN-y
and TNF-ain the indicated tissues, 15 or 41 days after CL-13 infection. *, P < 0.05; **, P < 0.01; error bars represent SEM. Data are representative of 2 independent

experiments of 4-10 mice per group.

hematopoietic and nonhematopoietic cells. Finally, our data also
suggest that direct interaction with antigen-MHC complexes by
CTL may be required for viral clearance during chronic viral
infection. These observations may have implications for under-
standing the balance between viral load and immune function
during persistent infections and the design of relevant therapies.

Materials and Methods

Mice, Chimeras, and Infections. Six-week-old female C57BL/6 mice were pur-
chased from Jackson Laboratory. C57BL/6 82m~H-2K>~H-2DP~ (MHC1~/~) mice
were bred and maintained in our animal facility. Bone-marrow chimeras were
produced by irradiation of recipient mice with 2 doses of 550 cGr, 3 h apart,
followed by reconstitution with 5 X 106 bone-marrow cells from C57BL/6 mice.
Mice were allowed to reconstitute for 8 weeks. One day before infection of
MHC I/~ chimeras, 50 X 108 C57BL/6 splenocytes were injected per mouse to
provide a pool of naive mature T cells, which are not selected on MHC |
deficient thymic stroma. Similar responses were observed in WT mice with or
without transfer of splenocytes. For infection, mice received 2 X 10® PFU of
Cl-13 or 2 X 10° PFU of Armstrong intravenously. Titers of virus from serum or
homogenized tissue samples were determined by plaque assay on Vero cells
as described in ref. 32.
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Antibodies and Flow Cytometry. Single cell suspensions were stained with
anti-CD8a (53-6.7), -CD62L (MEL-14), -PD-1 (J43), -IFN-y (XMG1.2), -TNF-«
(MP6-XT22), or -IL-2 (JES6-5H4) antibodies (BD Biosciences). Intracellular
staining for IFN-y, TNF-« or IL-2 after 5 h in vitro stimulation with 0.1 ug/mL
GP33, GP276, NP396, NP235, NP205, or GP118 peptide was performed using
the Cytofix/Cytoperm kit according to the manufacturers instructions (BD
PharMingen). MHC class | tetramers were made and used as described in ref.
33. Samples were analyzed using a Becton Dickinson FACScaliber .

Immunofluorescence. Organs were removed from mice, frozen in OCT (Tis-
sueTek) and 20-um cryostat sections fixed in ice-cold acetone for 10 min.
Sections were stained with ER-TR7 to detect FRC (Biogenesis) and polyclonal
anti-LCMV guinea-pig serum. Stains were visualized with Alexa Fluor-488 goat
anti-rat and Alexa Fluor-568 goat anti-guinea-pig Ig (Molecular Probes) and
analyzed by confocal microscopy (LSM510; Zeiss). Images were prepared using
ImageJ (National Institutes of Health) and Adobe Photoshop.

Statistical Analysis. Statistical analysis was performed with 2-tailed unpaired
t tests using Graphpad Prism.
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