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Mutation in the Fas Pathway Impairs CD8+ T Cell Memory?
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Abstract

Fas death pathway is important for lymphocyte homeostasis, but the role of Fas pathway in T cell
memory development is not clear. We show that whereas the expansion and contraction of CD8* T
cell response against Listeria monocyrtogenes were similar for wild-type (WT) and Fas ligand
(FasL) mutant mice, the majority of memory CD8* T cells in FasL mutant mice displayed an
effector memory phenotype in the long-term in comparison with the mainly central memory
phenotype displayed by memory CD8* T cells in WT mice. Memory CD8* T cells in FasL mutant
mice expressed reduced levels of IFN-y and displayed poor homeostatic and Ag-induced
proliferation. Impairment in CD8* T cell memory in FasL mutant hosts was not due to defective
programming or the expression of mutant FasL on CD8* T cells, but was caused by perturbed
cytokine environment in FasL mutant mice. Although adoptively transferred WT memory CD8* T
cells mediated protection against L. monocytogenes in either the WT or FasL mutant hosts, FasL
mutant memory CD8™" T cells failed to mediate protection even in WT hosts. Thus, in individuals
with mutation in Fas pathway, impairment in the function of the memory CD8* T cells may
increase their susceptibility to recurrent/latent infections.

The importance of T cell memory for the control of intracellular pathogens is well
documented (1-3); however, the mechanisms that govern the induction and maintenance of
memory T cells are not clear. During T cell priming, CD8" T cells undergo massive
proliferation (>1000-fold), which is followed by a contraction phase wherein the majority
(>90%) of activated cells die by apoptosis (4). Engagement of Fas, with its ligand (FasL),3 is
thought to play a key role in the regulation of T cells (5, 6) because the interaction between
activated T cells expressing Fas and FasL provides a mechanism for deleting T cells. This
view is supported by the observation that /Jor mice that bear mutation in Fas gene develop
lymphadenopathy (7), and T cells from Jormice are resistant to activation-induced cell death
(8-10). Furthermore, T cell tolerance induction to superantigen is impaired or delayed in Jor
mice (11-14). The role of Fas in regulating CD8* T cell homeostasis has been controversial
because autoreactive CD8* T cells induced by cross-presentation of self Ags are deleted by a
Fas-dependent mechanism (15), whereas the expansion and contraction of Ag-specific CD8*
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T cell response induced after viral infection in vivo have been shown to occur by Fas-
independent mechanisms (16, 17).

We evaluated the development and maintenance of OVA-specific CD8* T cells in normal
and FasL mutant mice using recombinant intracellular bacterium, Listeria monocytogenes
(LM)-expressing OVA as an immunogen. Our results reveal that although the expansion and
contraction of CD8* T cell response proceed normally in FasL mutant mice, memory CD8*
T cells in FasL mutant mice display a skewed phenotype and poor homeostatic proliferation
and fail to mediate effective protection against pathogen rechallenge.

Materials and Methods

Mice
Female C57BL/6J wild-type (WT), B6.Fas’?”IPr, and B6.FasL9/@9/d mice, 3-4 wk of age,
were obtained from The Jackson Laboratory. Mice were maintained in the animal facility at

Institute for Biological Sciences (National Research Council of Canada) in accordance with
the guidelines of the Canadian Council on Animal Care.

Intracellular bacteria and infections

OVA-expressing LM (LM-OVA) were generated, as described previously (18). Mice were
inoculated with 1 x 104 LM-OVA suspended in 200 /4 of 0.9% NaCl, via the lateral tail vein
(i.v.). In some experiments, mice were infected with 106 LM-OVA, followed by daily
injection with ampicillin (10 mg/mouse) from days 2 to 7. For enumeration of bacterial
burden in organs, single-cell suspensions from infected mice were made, and CFUs were
determined by plating 100-4 aliquots of serial 10-fold dilutions in 0.9% saline. Plates were
incubated for 24 h, and colonies were counted visually.

CD8* T cell purification

Single-cell suspensions were prepared by tweezing the pooled spleens (7= 2-3) between the
frosted ends of two sterile glass slides in RPMI 1640. Cells were subsequently passed
through Falcon 2360 cell strainers (BD Discovery Labware), centrifuged, and resuspended
(20 x 10%/ml) in 0.5-1 ml of RPMI 1640 containing 8% FBS (HyClone) and 50 zg/ml
gentamicin (Invitrogen Life Technologies), hereafter refer to as R8-A. CEL Lection Biotin
Binder Dynabeads, precoated per manufacturer’s instructions (Dynal Biotech), with biotin-
conjugated rat anti-mouse CD84.2 mAb (53.5.8; BD Biosciences), were added to the
resuspended cell pellet at a ratio of 5 beads/cell, and incubated for 15-20 min at 4°C in a
rotating platform. CD88 " T cells were separated by magnetic isolation. Dynabead
detachment was done using the CELLection Biotin Binder kit releasing buffer (DNase; 188
U/108 Dynabeads) in 37°C shaker for 15 min, followed by two to three rounds of washing/
magnetic separation. This protocol resulted in >95% pure CD8* T cells, as determined by
follow-up analysis with PE-conjugated rat anti-mouse CD8a (BD Biosciences). Analysis
was performed using EPICS XL flow cytometer and EXPO software (Beckman Coulter).
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Flow cytometry

At various time intervals after infection, aliquots (10 x 106) of spleen cells were incubated in
200 1 of PBS plus 1% BSA (PBS-BSA) with anti-CD16/32 at 4°C. After 10 min, cells were
stained with PE-H-2KP OV/Ays57_264 tetramer and various Abs (anti-CD8, anti-CD62L, anti-
IL-7Ra, anti-PD-1, and anti-CD44) for 30 min at room temperature. This was followed by
amplification of the tetramer staining using the PE-Faser kit (Miltenyi Biotec). All Abs were
obtained from BD Biosciences. PE-H-2KPOVA57_64 tetramer was obtained from Beckman
Coulter. Cells were washed with PBS, fixed in 0.5% formaldehyde, and acquired on BD
Biosciences FACS Canto analyzer.

Assessment of IFN-y production

Aliquots of spleen cells (10 x 108/ml) were stained with anti-CD8 Ab and
H-2KPOVA57_264 tetramer for 30 min, as described above. Cells were then washed,
reconstituted in R8 medium (RPMI 1640 plus 8% FBS), plated into 96-well plates (2 x 10%/
well), and stimulated with OVA,57_2¢4 peptide (1 wg/ml) in the presence of Golgi-stop (BD
Biosciences). After 1 h, cells were harvested, washed, permeabilized, and stained for
intracellular IFN-y using the IFN-y staining kit (obtained from BD Biosciences). Cells were
acquired on BD Biosciences FACS Canto analyzer. For measurement of IFN-y production in
vitro, CD8" T cells were purified and incubated (10°) with spleen cells (5 x 10°) from
uninfected mice in the presence of various concentrations of OVAo57_og4. Supernatant was
collected at 48 h, and the amount of IFN-y produced was measured by ELISA.

Assessment of cell cycling

Cell cycling was evaluated according to the protocol of Tough and Sprent (19) using the BD
Biosciences BrdU staining kit. Three days before the harvesting of spleens from infected
mice, BrdU was provided (0.08%) in the drinking water every day. Spleens were harvested,
single-cell suspensions were prepared, and aliquots of spleen cells (10 x 106/ml) were
stained with anti-CD8 Ab and H-2KPOVA,s57_564 tetramer for 30 min, as described above.
After staining, cells were washed, permeabilized, and incubated with DNase for 30 min at
37°C. Cells were then stained with anti-BrdU Ab on ice for 30 min, washed, fixed in 0.5%
formaldehyde, and acquired on BD Biosciences FACS Canto analyzer.

Assessment of commitment to apoptosis

Aliquots of cells (10 x 108/ml) were incubated in RPMI 1640 plus 8% FBS for 3-6 h. Cells
were then surface stained with anti-CD8 Ab and OVA tetramers, as described above. Two
different intracellular staining kits (TUNEL and caspase 3) were used to evaluate the
apoptotic cells. Cells were permeabilized and incubated with Ab against active caspase 3.
Cells were also fixed, permeabilized, and incubated with the ApoD enzyme and FITC dUTP,
per the BD Biosciences protocol. Cells were finally fixed and analyzed on BD FACS Canto
flow cytometer.

ELISPOT assay

Enumeration of IFN- -secreting cells was done by ELISPOT assay (18). Briefly, spleen
cells were incubated in anti-IFN-y» Ab-coated ELISPOT plates, varying the number of
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spleen cells from immunized mice to achieve a final cell density of 5 x 10%/well using feeder
cells from unimmunized mice. These cultures were established in RPMI 1640 plus 8% FBS
with or without OVA57_264 (10 pg/ml), supplemented with IL-2 (0.01 ng/ml), and incubated
for 48 h at 37°C, 8% CO,. The cells were then lysed with H,O, and the plates were washed
(PBS-T) and incubated with the biotinylated secondary Ab (4°C, overnight), followed by
avidin-peroxidase conjugate (room temperature, 2 h). Spots were revealed using
diaminobenzidine.

Cytotoxicity assays

Single-cell suspensions from spleens of immunized mice were prepared. A total of 30 x 10°
spleen cells from immunized mice was incubated with 5 x 10 irradiated (10,000 rad) Ag-
bearing target cells (EG7 cells) in 10 ml of RPMI 1640 plus 8% FBS. In some cases,
purified CD8* T cells from infected mice were incubated (1 x 10°) with syngeneic feeder
cells from unimmunized mice (29 x 10%) and EG7 cells, as described above. Cultures
contained 0.1 ng/ml IL-2 and were placed in 25-cm? tissue culture flasks (Falcon; BD
Biosciences), kept upright. After 5 days (37°C, 8% CO,), cells were harvested from the
flasks, washed, counted, and used as effectors in a standard ®1Cr release CTL assay. For
preparation of targets for CTL assay, EL4 cells were incubated with medium or with
OVAs57_264 for 1 h. Cells were then labeled with 50 z4 of ®1Cr (100 4Ci) in the presence of
25 /1 of RPMI 1640 plus 8% FBS medium. After 45 min, targets were washed twice, various
ratios of effectors and targets were cocultured for 4 h in 96-well round-bottom tissue culture
plates, the supernatants were collected, and radioactivity was detected by gamma counting.
The percentage of cytotoxicity was calculated using the following formula: 100 x ((cpm
experimental — cpm spontaneous)/(cpm total — cpm spontaneous)).

Assessment of cytokine expression by quantitative RT-PCR

Harvested spleens were snap frozen in a dry-ice/100% ethanol bath. Total RNA was
extracted using the Qiagen RNeasy mini kit, according to the manufacturer’s instructions,
along with rapid mechanical lysis. The whole spleen was cut into pieces, and each piece was
lysed in 1 ml of lysis buffer in a miniBeadbeater 3110BX (BioSpec Products) with glass
beads (¢= 0.5 mmand ¢ = 0.1 mm) (BioSpec Products). Total RNA from homogenates was
extracted according to the manufacturer’s instructions and treated with RNase-free DNase |
(Roche Applied Science) for 30 min at 37°C. DNase was removed using the Qiagen RNeasy
mini Kit, according to the manufacturer’s instructions. A quantity amounting to 5 /g of total
RNA was taken for cDNA synthesis. cDNA was synthesized using AncT primers purchased
from Sigma-Aldrich. RNA was made linear at 65°C for 5 min, and cDNA was synthesized
in a 40-44 reaction volume containing 1.5 ¢4 AncT primers (100 pmol/¢), 8 /4 of 5x first
strand buffer, 4 /4 of DTT (100 mM), 5 d of dNTPs (5 mM), 1 /4 of RNase OUT (40 U/d),
2 of Superscript 11 (200 U/d) (Invitrogen Life Technologies), and 15 /4 of RNA template.
Reverse transcription was performed in a Thermo Cycler 9700 (Applied Biosystems) at
42°C for 15 min and 45°C for 2 h. Identical samples not treated with Superscript Il were
also prepared as controls to measure DNA contamination. Remaining RNA template was
hydrolyzed with 1 M NaOH at 65°C for 5 min and neutralized with 1 M HCI. cDNA was
purified using Microcon YM-30 centrifugal filter units (Millipore). The number of
amplicons was measured by quantitative real-time PCR using gene-specific primers and
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quantitative PCR SYBR Green supermix (ABgene). Primers were designed using Primer
Express 2.0. S-actin was used as an internal reference control. Ten-fold dilutions of cDNA
were used as template to generate the standard curve for each primer-template set (1%,
1/10x%, 1/100x%, and 1/1000x). This standard curve was run together with triplicate reactions
of the uncharacterized samples. PCR was performed in sealed tubes in a 96-well microtiter
plate in an ABI Prism 7000 thermocycler (Applied Biosystems). The 25-/4 reaction
consisted of 12.5 /4 of quantitative PCR SYBR Green supermix, 2.5 /4 of primer mix (1.5
pmol/ each), and 10 i of template. Thermal conditions were as follows: activation at 95°C
for 15 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 1
min, and extension at 72°C for 1 min. Fluorescence was measured during the annealing step
and plotted against the amplification cycle. Relative quantitative analysis of the data was
extrapolated from the standard curve. Primer efficiencies were between 100 and 98%.

Impaired cytolytic CD8* T cell response in FasL mutant mice

We evaluated memory CD8* T cell responses against OVA,57_264 in mice with mutation/
deficiency in various molecules (indicated in Fig. 1.4). Mice were infected with LM-OVA,
and cytolytic CD8* T cell response was evaluated at day 60. As is evident from Fig. 1, mice
generated OVA-specific CD8™ T cell responses in the absence of inducible NO synthase-2,
IFN-3, TNF-Rag, and IL-12. In contrast, the CD8" T cell response to OVA in FasL mutant
mice was considerably reduced. Similar results were obtained when the frequency of
OVA57_se4-specific CD8* T cells was evaluated by ELISPOT assay (data not shown). We
then evaluated the cytolytic CD8* T cell response in FasL mutant mice at various time
intervals. At days 7 and 30 after LM-OVA infection, similar cytolytic CD8* T cell response
was noted in control (WT) and FasL mutant mice (Fig. 15). However, at day 60, the CD8* T
cell response was considerably reduced in FasL mutant mice.

Impaired cytolytic CD8" T cell response in Fas and FasL mutant mice

Because mice with a mutation in Fas as well as FasL display lymphoproliferative disease,
we determined whether the impairment in cytolytic CD8" T cell response also occurs in
mice with a mutation in Fas. Although WT mice generated a potent OVAo57_o64-Specific
cytolytic CD8* T cell response, mice with a mutation in Fas or FasL displayed very little
cytolytic CD8* T cell response (Fig. 2A4). Because the cytolytic CD8* T cell response was
detected after restimulation of cells with OVA-expressing targets for 5 days in vitro, we
evaluated the possibility that the detection of the CD8* T cell response in mutant mice was
impaired by the presence of some inhibitory activity in the spleen cells of such mice. We
therefore purified CD8* T cells from LM-OVA-infected WT mice and stimulated them in
vitro with WT or FasL mutant spleen cells. Spleen cells from FasL mutant mice did not
inhibit cytolytic response of WT memory CD8" T cells (Fig. 2B8). Furthermore, purified
memory CD8* T cells from FasL mutant mice did not display any cytolytic response upon
culture with WT spleen cells (Fig. 2C). Thus, the impairment in cytolytic CD8* T cell
response in FasL mutant mice was attributable directly to a defect in the CD8" T cells
generated in FasL mutant mice.
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Normal expansion and contraction of CD8* T cell response in FasL mutant mice

We tested the possibility that the impairment in the cytolytic CD8* T cell response in FasL
mutant mice was due to a reduced frequency of OVA-specific CD8" T cells. We first
measured the relative LM-OVA burden in WT vs FasL mutant mice at various time intervals
after infection. LM-OVA infection peaked in both groups of mice ~day 3. At day 5, WT
mice had cleared LM-OVA from spleens, whereas low-level burden was still detectable in
the spleens of some FasL mutant mice. By day 7 of infection, LM-OVA was cleared from
the spleens of all FasL mutant mice (Fig. 3A). Similar results were obtained in the livers and
lungs of infected mice (data not shown). We measured the frequency of OVA-specific CD8*
T cells by ELISPOT assay (Fig. 38) and by staining with H-2KP-OVA tetramers (Fig. 30).
OVA-specific CD8* T cell response peaked at day 7 after LM-OVA infection, which was
followed by a rapid phase of contraction, and the two groups of mice did not display any
difference in the timing or extent of this response. However, in the longer term (~day 60
onward), slightly reduced numbers of OVA-specific CD8* T cells were noted in FasL mutant
mice.

Expression of mutant Fas or FasL on CD8* T cells is not the reason behind the impaired
cytolytic CD8* T cell response in these mice

It is possible that the expansion and contraction of the CD8* T cell response may proceed
normally in FasL mutant mice, but the programming of CD8* T cell memory development is
defective in CD8" T cells expressing a mutant FasL. We therefore infected WT, FasL, or Fas
mutant mice with LM-OVA and purified memory CD8* T cells from these mice at day 30.
Purified CD8* T cells from the various groups of mice were adoptively transferred into
naive WT, FasL, or Fas mutant mice. Cells were transferred at day 30 because we wanted to
transfer memory CD8* T cells at a time point when their numbers remained relatively stable
and they had not been subject to immune modulation for too long in the FasL mutant
environment. Sixty days after the cell transfer, the fate of the transferred cells was then
determined by evaluating OVA-specific cytolytic CD8* T cell response in recipients. WT
memory CD8* T cells displayed potent response upon transfer into WT hosts, but not when
transferred into Fas or FasL mutant hosts (Fig. 4). Memory CD8* T cells from Fas or FasL
mutant mice displayed potent cytolytic response upon transfer into WT hosts. These results
indicate that the impairment in cytolytic CD8* T cell response that occurs in Fas or FasL
mutant mice is not related to the expression of mutant Fas or FasL on CD8* T cells, and that
the programming of CD8* T cell memory proceeds normally in mice with a dysfunctional
Fas pathway.

We then addressed whether memory CD8* T cells that are purified from LM-OVA-infected
FasL mutant hosts at a very late time period (day 90) would display normal response after
transfer into WT hosts. To this end, we purified CD8" T cells from LM-OVA-infected WT
and FasL mutant hosts at day 90, and transferred these cells (same number of OVA-specific
cells) into naive WT and FasL mutant hosts. After an additional 60 days, the cytolytic CD8*
T cell response was then evaluated. As is evident in Fig. 5, FasL mutant CD8* T cells that
are transferred at a very late time period (day 90) do not display significant cytolytic
response even after transfer into WT hosts. These results indicate that the progressive
dysfunction in memory CD8™ T cells that occurs in FasL mutant hosts is not reversible.
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Majority of memory CD8* T cells in FasL mutant mice display an effector memory

phenotype

Because the phenotype of memory cells gives clues about the activation status and function
of memory cells, we measured the relative expression of IL-7Ra, CD62L, and PD-1 on
CDS8™* T cells that are OVA specific (Fig. 6, /eft panels) and on CD8* T cells that are not
OVA specific (Fig. 6, right panels). After day 7 of infection, OVA-specific CD8* T cells in
WT mice displayed progressive increase in IL-7Ra and CD62L expression, and a decrease
in PD-1 expression, indicative of gradual differentiation into the central memory phenotype.
In contrast, in FasL mutant mice, reduced numbers of OVA-specific CD8* T cells expressed
high levels of IL-7Ra and CD62L, indicating a significant phenotypic difference in memory
CD8* T cells in WT vs FasL mutant hosts. Because FasL mutant mice display increased
cellularity in lymph nodes and spleens, implying that these mice must be responding to self
or environmental Ags, we evaluated the phenotype of CD8" T cells that were not OVA
specific. The majority of these CD8* T cells in FasL mutant mice were CD62L!W|L-7Ra
low and PD-1M9N implying that these CD8* T cells are in a highly activated state.

Memory CD8* T cells in FasL mutant mice are apoptotic

Because OVA-specific CD8" T cell numbers decreased progressively in FasL mutant hosts
and these cells displayed an effector memory status, we evaluated the relative commitment
of these cells to apoptosis. Apoptosis was detected at day 75 after LM-OVA infection by
intracellular staining of OVA tetramer* cells for active caspase 3 and TUNEL. OVA-specific
CD8* T cells in FasL mutant hosts displayed increased commitment to apoptosis (Fig. 7).

Defective homeostatic proliferation of memory CD8* T cells in FasL mutant hosts

Based on the phenotypic analysis of OVA-specific memory CD8" T cells in FasL mutant
hosts, we expect impairment in their proliferative ability. We tested this by measuring the
relative proliferation of OVA-specific memory CD8* T cells in the absence of antigenic
stimulation at day 70 after LM-OVA infection. In WT controls, ~10% of OVA-specific CD8*
T cells were cycling in comparison with FasL mutant mice, in which only ~5% of cells were
cycling (Fig. 8A4). At day 7 after LM-OVA infection, when the proliferation of OVA-specific
CDS8™ T cells was at peak, no difference was noted for proliferation of OVA-specific CD8" T
cells from WT vs FasL mutant mice (data not shown). We also labeled the cells with CFSE
and evaluated their homeostatic proliferation in vitro in response to IL-7 and IL-15. CD8* T
cells from FasL mutant mice displayed poor homeostatic proliferation in vitro (Fig. 85). We
also purified CD8" T cells from LM-OVA-infected WT and FasL mutant mice, labeled them
with CFSE, and transferred them to naive RAG-1-deficient hosts. Four days later, spleens
were isolated from RAG-1-deficient hosts, and the reduction in the CFSE intensity of OVA
tetramer-gated CD8™ T cells was evaluated. Although OVA-specific CD8* T cells from WT
mice displayed good Ag-independent proliferation, OVA-specific CD8" T cells from FasL
mutant mice proliferated poorly (Fig. 8C).

Impaired function of memory CD8* T cells in FasL mutant mice

Because the synthesis of cytokines and proliferation in response to Ag encounter in vivo are
two important functions of CD8" T cells, we measured these functions at day 70 after LM-
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OVA infection of WT and FasL mutant mice. Intracellular staining for IFN-y was done after
cells were stained first with OVA tetramers, followed by in vitro stimulation with OVA
peptide for 1 h. Slightly reduced expression of IFN-y was noted in OVA-specific CD8* T
cells from FasL mutant mice (Fig. 94). Upon in vitro stimulation for 48 h with OVA-peptide
and syngeneic dendritic cells, purified CD8" T cells from WT mice produced higher levels
of IFN-y in comparison with the CD8* T cells from FasL mutant mice (Fig. 95).
Furthermore, OVA-specific CD8"* T cells from WT mice expressed higher levels of IFN-y at
a 10,000-fold reduced peptide concentration in comparison with OVA-specific CD8* T cells
from FasL mutant mice. In contrast, when cells were stimulated with plate-bound anti-CD3
Abs, CD8* T cells from FasL mutant mice produced higher levels of IFN-y (Fig. 9C).

We also measured the ability of memory CD8* T cells to proliferate in response to pathogen
rechallenge. LM-OVA-infected WT and FasL mutant mice were rechallenged with LM-OVA
on day 70, and the relative increase in the numbers of OVA tetramer* CD8" T cells was
enumerated 4 days later. Although OVA-specific CD8* T cells from WT mice underwent
~10-fold expansion in 4 days, only 2-fold expansion in OVA-specific CD8* T cells was
noted in FasL mutant mice (Fig. 9D).

Compromised protection by CD8* T cells from FasL mutant mice

Because protection against a lethal dose of LM or LM-OVA requires memory CD8* T cells
(18, 20, 21), we reasoned that an impairment of CD8* T cell memory may consequently
impair the long-term protection against pathogen rechallenge. As expected, WT mice that
were preimmunized with LM demonstrated massive protection against a rechallenge with a
lethal dose of LM, indicating the development of potent and protective T cell memory (Fig.
10). FasL mutant mice in contrast demonstrated little, if any, protection in the spleen or
lungs. It could be argued that the absence of protection in FasL mutant mice may not be due
to impairment of CD8" T cell memory, but could be attributable to other immune defects.
We, therefore, purified CD8* T cells from naive or immune WT and FasL mutant mice and
transferred the cells to naive WT or FasL hosts. Four days after the cell transfer, mice were
challenged with a lethal dose of LM-OVA, and the influence on bacterial burden was
measured 3 days later. As is evident in Fig. 11, transferred memory CD8* T cells from WT
mice mediated reduction in bacterial burden in WT as well as FasL mutant recipients. In
contrast, transfer of memory CD8* T cells from FasL mutant mice did not mediate effective
reduction of LM-OVA even in WT hosts. These results clearly indicate that CD8* T cell
memory is compromised in FasL mutant mice. When memory CD8" T cells from FasL
mutant mice were transferred at early time intervals after LM-OVA infection (e.g., day 30),
then the CD8* memory T cells mediated potent protection (our unpublished observations).
These results indicate that memory CD8* T cells may be induced normally in FasL mutant
mice, but over time their function is impaired due to prolonged exposure to the FasL
environment.

Impaired cytokine expression in FasL mutant mice

Because our results indicated that the environment that develops in FasL mutant mice, rather
than the expression of mutant FasL on CD8* T cells, was responsible for impairment of
CD8* T cell memory, we sought to determine the relative levels of inflammatory cytokines
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(IL-12, IFN-a, IFN-%, TNF-a, IL-18), suppressive cytokines (IL-10, TGF-£), and memory-
promoting cytokines (IL-15 and IL-7) in WT vs FasL mutant spleens at day 75 after LM-
OVA infection. This was achieved by performing quantitative RT-PCR on spleen samples,
and values were normalized to B-actin. Of the various cytokines evaluated, splenic
expression of IFN-y was significantly higher in FasL mutant mice (Fig. 12). Furthermore,
compared with the WT spleens, 1L-10 levels were higher and IL-7 levels were lower in the
spleens of FasL mutant mice, although these differences were not statistically significant.

Discussion

The role of Fas pathway in the regulation of immune responses after infection has been
unclear. On one hand, disruption of the Fas pathway results in generalized, chronic,
lymphadenopathy, splenomegaly, and lymphoproliferative disorder in mice (5), and auto-
immune lymphoproliferative syndrome in humans (22), which also mirrors the clinical
manifestations of the chronic autoimmune disorder, systemic lupus erythematosus (SLE) (7,
23). In contrast, CD8* T cell response to lymphocytic choriomeningitis virus (LCMV)
infection does not appear to be influenced by a mutation of the Fas pathway (16, 17). We
have therefore evaluated the role of the Fas pathway in the development and function of
CD8* T cell memory in a murine intracellular bacterial infection model. Our results indicate
that whereas the priming, expansion, and contraction of CD8" T cell response proceed
normally in mice with a defective Fas pathway, the phenotype and function of memory
CD8* T cells are compromised in the long-term.

Using P14 CD8 TCR-/pr/lprtransgenic mice, it was shown that the mutation in Fas (/pr) did
not affect LCMV gp33 peptide Ag-induced deletion or clonal down-regulation of LCMV
gp33-specific CD8* T cells after a viral infection in vivo (16, 17). However, the functionality
of CD8™" T cells was not assessed. Similarly, using female HY-TCR-/or mice, it was reported
that the deletion of HY-TCR transgenic T cells was not influenced by the mutation of Fas
(24). Later studies have, however, indicated that Fas-dependent mechanisms appear to be
important for controlling autoreactive CD8* T cells (15). Taken together, these reports
suggest that autoreactive CD8* T cells that are induced in the absence of inflammation are
controlled by Fas-dependent mechanisms, whereas the down-regulation of T cells at the end
of an immune response to foreign Ags that occurs in the presence of inflammation is
controlled by mechanisms other than Fas. Our results are compatible with this interpretation
because we did not notice any role of Fas in the expansion or contraction of OVA-specific
CD8* T cells after infection with LM-OVA. However, our results indicate remarkable
phenotypic differences in CD8" T cells in FasL mutant mice. The differences in CD62L
expression in OVA-specific CD8* T cells in WT vs FasL mutant mice emerged only after
day 30 of LM-OVA infection. This indicates that the problem with CD8* T cell memory in
FasL mutant mice may be due to mechanisms that develop later in FasL mutant mice.

The impairment of CD8* T cell memory in FasL mutant hosts depended on the chronic
exposure of memory CD8* T cells in such hosts. When newly formed memory CD8* T cells
(day 30) from Fas or FasL mutant hosts were transferred into WT hosts, no functional
impairment in memory CD8* T cells was noted (Fig. 4). When newly formed memory CD8*
T cells from WT mice were transferred into Fas mutant hosts and kept in that environment
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for 60 days, functional impairment of memory was noted (Fig. 4). These results indicate that
the mutation of Fas or FasL on CD8* T cells is not the reason for impairment of CD8* T cell
memory; rather, it is the environment that develops in such mice that causes memory
impairment. It has been previously reported that IL-7 is beneficial (25) and IFN-y is
detrimental (26) for CD8* T cell homeostasis. Our results indicate that the relative
expression of IFN-y is significantly enhanced in the spleens of FasL mutant mice. Spleens
of FasL mutant mice have a 10-fold reduction in IL-7:1FN- ratio in comparison with WT
spleens. It is conceivable that chronic activation of self-reactive CD4* and CD8* T cells in
FasL mutant mice results in increased levels of cytokines such as IFN-y. CD8* T cells from
FasL mutant mice produced higher levels of IFN-y in response to anti-CD3 stimulation.
CD4~CD8~ TCR* cells accumulate in FasL mutant mice (5, 7), secrete IFN-y, and suppress
CD8™ T cell activation (27). Such regulatory mechanisms could impair the homeostasis of
memory CD8* T cells against non-self Ags.

Impairment in maintenance, but not programming, of CD8* T cell memory was shown to
occur in mice that were deficient in MHC class Il or CD4* T cells (28), although it is not
clear how CD4* T cells promote the maintenance of memory CD8" T cells. It is therefore
not clear whether similar mechanisms induce the impairment of CD8" T cell memory in
CD4* T cell-deficient mice vs FasL mutant mice, although memory CD8* T cells in both
situations express reduced levels of IL-7Ra. It is important to note that the impairment of
memory in FasL mutant mice appears to be related to the phenotype of cells rather than due
to the number of cells, because FasL mutant have only marginally reduced numbers of
memory cells compared with WT controls.

It has been previously shown that memory, but not naive, CD4* T cells are costimulated to
proliferate by Fas engagement (29). Similarly, the proliferation of peripheral CD8* T cells is
enhanced by Fas engagement (30). Caspases appear to be required for T cell proliferation
because anti-CD3-induced proliferation and IL-2 production by human T cells were blocked
by inhibitors of caspase activity (31). Furthermore, T cells deficient in Fas-associated death
domain protein (which is recruited after Fas engagement and causes activation of caspases)
were defective in proliferation (32). It is therefore conceivable that FasL mutant memory
CD8™ T cells fail to proliferate efficiently in response to antigenic encounter (30). However,
our results indicate that the impairment of memory CD8* T cells in FasL mutant mice is
related to the phenotype of cells rather than due to the expression of mutant FasL on CD8" T
cells.

The gradual, exacerbated T cell expansion and accumulation that occur in mice with a
nonfunctional Fas pathway suggest that the T cells may be specific to some self/
environmental Ags. Indeed, the majority of the CD8* T cells in FasL mutant mice that are
not OVA-specific progressively became CD62L!V|L-7Ra W, indicating the highly
activated state of these cells. In the face of such enormous accumulation of highly activated,
self-reactive T cells, resident memory CD8* T cells against non-self Ags may be under
competitive homeostatic pressure. Indeed, it has been previously shown that homeostatic
proliferation of T cells can be inhibited by large numbers of nonspecific T cells (33-35), and
may involve competition for common resources, such as IL-7 and I1L-15 (25, 36, 37).
Memory CD8* T cells need to undergo homeostatic proliferation to survive, and our results
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do indicate that in the longer term, FasL mutant mice have reduced numbers of OVA-
specific CD8* T cells. However, a mere 2- to 3-fold difference in the number of memory
CD8™ T cells in a host does not translate to a significant difference in protective efficacy in
response to pathogen rechallenge. The massive difference in protective efficacy that we
noted in CD8* T cells from WT vs FasL mutant mice could be attributed to their difference
in phenotype and consequent proliferation in response to antigenic encounter. It has been
previously reported that effector memory CD8" T cells undergo less proliferation in
comparison with central memory cells (38). Thus, memory CD8* T cells from WT mice
(mainly central memory phenotype) display a superior protective efficacy in comparison
with the mainly effector memory CD8" T cells in FasL mutant mice. Impairment in the
proliferation of memory CD8* T cells in response to Ag could present a major problem
during pathogen re-encounter, in which the memory CD8* T cells have to proliferate rapidly
to counteract the proliferating pathogen (38).

Inactivation of the Fas pathway induces an autoimmune lymphoproliferative syndrome in
humans (22), and has been considered to induce a state that is similar to a systemic
autoimmune disorder (e.g., SLE) (5, 7). In such individuals, chronic Ag presentation and T
cell expansion would force excessive competition among lymphocytes. Any previously
generated memory T cells to foreign Ags in such individuals would become susceptible to
dysfunction. This puts the individuals at a greater risk because the memory T cells that have
been accumulated over a lifetime would be gradually rendered nonfunctional. Support for
this hypothesis comes from clinical data in which it has been reported that the herpes zoster
infection gets reactivated (shingles) in SLE patients (39) even before the use of
immunosuppressants. Similarly, patients with SLE have a difficulty in controlling latent
EBYV infection due to altered T cell responses against EBV (40). Thus, our study reveals that
despite the persistence of memory T cells, their function can get significantly modulated in
hosts with defective lymphocyte homeostasis. Identification of the key mechanisms that
impair the function of memory T cells in such hosts can pave the way for novel therapeutic
approaches.
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FIGURE 1.
Impaired CD8* T cell memory in FasL mutant mice. C57BL/6J WT mice, or mice with

mutation/deficiency in inducible NO synthase-2, IFN-y, TNFR-a/, FasL9/#9/% |-12, and
CDA40L were infected with rLM-OVA (1 x 10% i.v.). Spleen cells were restimulated (30 x 106
cells) on days 7 and 30 (B) or day 60 (A and B) with irradiated OVA-expressing EG-7 cells
(5 x 10°) and IL-2 (0.1 ng/ml). Five days later, cells were harvested and evaluated for
cytolytic activity against EL4 targets in the presence or absence of the CTL epitope
OVA57_064. Percentage of cytotoxicity in the absence of OVA57_264 ranged from 0 to 10%.
Figure is representative of three such experiments conducted.
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FIGURE 2.

Impaired CD8" T cell memory in both Fas and FasL mutant mice. C57BL/6J WT,
B6.Fas/?”Irr and B6.FasL9/@9/d mice were infected with rLM-OVA (1 x 104 i.v.). On day 60,
spleen cells were removed and restimulated (30 x 108 cells) with irradiated OVA-expressing
EG-7 cells (5 x 10°) and IL-2 (0.1 ng/ml) (A). CD8" T cells were purified from the spleens
of LM-OVA-infected WT (B) and FasL9/@9/¢ (C) mice and restimulated (1 x 108 pure CD8*
T cells) with EG-7 cells (5 x 10° cells) in the presence of splenocytes from WT or
FasL9/@9/d mice (29 x 10 cells) and IL-2 (0.1 ng/ml). In vitro stimulation was conducted for
5 days, after which the cells were harvested and tested for cytolytic activity against EL4
targets in the presence or absence of the CTL epitope OVA,57_264. Percentage of
cytotoxicity in the absence of OVA57_064 ranged from 0 to 10%.
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Normal expansion and contraction of CD8* T cell response in FasL mutant mice. WT or
FasL mutant mice were infected with 104 LM-OVA (A and B) or 108 LM-OVA, followed by
daily injection with ampicillin (10 mg/mouse) from days 2 to 7 (C). The burden of LM-OVA
was evaluated in the spleens of infected mice at various time intervals after infection (A).
The frequency of OVA,57_o64-specific CD8™ T cells/spleen was evaluated by ELISPOT
assay (B), and by staining with H-2KPOVA,57_s64 tetramers, as described in Materials and

Methods (C).
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Normal programming of CD8* T cell memory in Fas or FasL mutant mice. WT, Fas mutant,
and FasL mutant mice were infected with 104 LM-OVA. Thirty days after infection, CD8* T
cells were purified from spleens of infected mice and adoptively transferred (1 x 105/mouse)
into naive WT, Fas, and FasL mutant mice. Sixty days after cell transfer, spleens were
removed from recipient mice and tested for cytolytic activity against OVA257_264, as

described in Fig. 1.
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FIGURE 5.
Impaired maintenance of CD8* T cell memory in FasL mutant mice. WT and FasL mutant

mice were infected with 104 LM-OVA. Ninety days after infection, CD8* T cells were
purified from spleens of infected mice and adoptively transferred (1-5 x 106/mouse) into
naive WT and FasL mutant mice. Cell numbers were adjusted to inject exactly the same
numbers of OVA-specific CD8* T cells. Sixty days after cell transfer, spleens were removed
from recipient mice and tested for cytolytic activity against OVA»57_2¢4, as described in Fig.
1.
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Memory CD8* T cells in FasL mutant mice display a different phenotype. WT or FasL
mutant mice were infected with 108 LM-OVA, followed by daily injection with ampicillin
(10 mg/mouse) from days 2 to 7. At various time intervals, the expression of IL-7Ra,
CD62L, and PD-1 was evaluated on OVA,57_o64 tetramer* (/eft panels) and tetramer™ (right

panels) CD8" T cells.
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FIGURE 7.
Increased apoptotic commitment of CD8" T cells in FasL mutant mice. WT or FasL mutant

mice were infected i.v. with 106 LM-OVA, followed by daily injection with ampicillin (10
mg/mouse) from days 2 to 7. At day 75, spleens were removed from infected mice, cultured
in vitro for 3—-6 h in RPMI 1640 plus 8% FBS. Cells were then stained with anti-CD8 Abs
and OVA tetramers, followed by intracellular staining for detection of active caspase 3* and
TUNEL™ cells. Expression on gated OVA tetramer* cells is indicated.
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Impaired homeostatic proliferation of memory CD8" T cells in FasL mutant mice. WT or
FasL mutant mice were infected with LM-OVA. At day 70, BrdU (0.8 mg/ml) was
incorporated into the drinking water of mice, which was changed daily. At day 73, spleens
were removed and spleen cells were stained with anti-CD8 Ab and OVA tetramers, followed
by intracellular staining for BrdU. Numbers in the panels indicate the percentage of BrdU™*
CD8* T cells among the tetramer™ cells (A). Spleen cells were also stained with CFSE (0.5
/M) and cultured (1 x 10% cells/ml) in RPMI 1640 plus 8% FBS in the presence of I1L-7 and
IL-15 (1 ng/ml each). After 5 days, the cells were washed and stained with anti-CD8 Ab and
OVA tetramers, and the down-regulation of CFSE expression was evaluated by flow
cytometry (B). Purified CD8* T cells from WT and FasL mutant mice were also labeled
with CFSE and transferred (5 x 106/mouse) i.v. into RAG-17/~ mice. Four days later, spleens
were removed from RAG-1~/~ mice and stained with OVA tetramer and anti-CD8 Ab, and
the relative reduction in the expression of CFSE was evaluated by flow cytometry (C).
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FIGURE 9.
Impairment in the function of memory CD8* T cells in FasL mutant mice. WT and FasL

mutant mice were infected with LM-OVA. At day 70, spleens were removed, and the
numbers of IFN-y -secreting tetramer* CD8" T cells were evaluated (A) after stimulation of
cells for 1 h with OVA57_264. Numbers in the panels indicate the percentage of IFN-y -
secreting CD8™ T cells among the tetramer™ cells. CD8* T cells were also purified from WT
and FasL mutant mice at day 70, and stimulated (1 x 10%/well) in vitro with different
concentrations of OVA peptide (B) and syngeneic dendritic cells as APCs (2 x 105/well).
Purified CD8* T cells were also stimulated with plate-bound anti-CD3 Abs in the absence of
dendritic cells (C). Supernatants were collected at 48 h, and the production of IFN-y was
measured by ELISA (B). The relative increase in the numbers of OVA-specific CD8" T cells
after pathogen rechallenge (day 70) was evaluated by measuring the numbers of OVA
tetramer™ CD8™ T cells 4 days after rechallenge of mice with 10° LM-OVA (D).
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Lungs

Spleen

Long-term protection in response to rechallenge of mice with a lethal dose of LM is lost in
FasL mutant mice. WT and FasL mutant mice were infected with LM (1 x 103, i.v.). On day
80, mice were rechallenged with LM (1 x 10°, i.v.), and the burden of LM was evaluated in
lungs and spleen 3 days post rechallenge.
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FIGURE 11.
Memory CD8* T cells from FasL mutant mice fail to confer protection. WT and FasL

mutant mice were infected with LM (1 x 103, i.v.). On day 80, CD8" T cells were purified
from naive and LM-OVA-infected mice. Purified CD8" T cells from WT or FasL mutant
mice were transferred (2 x 10%) into naive WT or FasL mutant recipients. Four days after the
transfer, recipients were challenged with a lethal dose (3 x 10°) of LM-OVA. LM-OVA
burden in the spleens was evaluated after 3 days.
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FIGURE 12.
Impaired cytokine expression in FasL mutant mice. WT and FasL mutant mice were infected

with LM-OVA. At day 75, spleens were removed and snap frozen in dry-ice ethanol bath.
Total RNA was extracted, and 5 /g of RNA was taken to make cDNA. The amount of RNA
for various cytokines and S-actin was measured using the SYBR Green method of
quantification, as outlined in Materials and Methods. Values represent the levels of cytokine
mRNA relative to S-actin mRNA. Although differences in several cytokines were noted
between WT vs FasL mutant spleens, only the difference in the relative expression of IFN-y
achieved significance (*, p < 0.05) by Mann-Whitney Utest.
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