
Distinct Roles of Cytolytic Effector Molecules for Antigen-
restricted Killing by CTL in vivo

Edith M. Janssen1, Ed E. Lemmens2, Naina Gour1, Rachel A Reboulet1, Douglas R.
Green3, Stephen P. Schoenberger2, and Michael J. Pinkoski4
1 Division of Molecular Immunology, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH
2 Division of Cellular Immunology, La Jolla Institute for Allergy & Immunology, La Jolla, CA
3 Department of Immunology, St. Jude Children’s Research Hospital, Memphis, TN
4 MRC Toxicology Unit & Department of Infection, Immunity and Inflammation, University of
Leicester, Leicester, United Kingdom

Abstract
Cytotoxic T lymphocytes (CTL) represent one of the front lines of defense for the immune system,
killing virus-infected and tumor-transformed cells. CTL use at least two mechanisms to induce
apoptosis in their targets, one mediated by perforin and granzymes, and the other triggered by the
death ligand, CD95-ligand (CD95L). Here we used an in vivo cytotoxicity assay to measure specific
clearance of antigen-bearing target cells in mice that had previously been immunized with non-
infectious cell-associated-antigens. We found that perforin was dispensable for efficient clearance
of antigen-bearing cells from immunized mice, but only if CD95/CD95L was functional; however,
there was a delay in target cell clearance in the absence of perforin. Additionally, we observed
approximately 35% target cell clearance in the absence of both perforin and CD95L which was only
slightly abrogated in the presence of a neutralizing anti-TNF antibody. The presence of a dominant
negative Fas-Associated Death Domain (FADD) did not block target cell clearance and therefore
cannot be attributed to known death receptors. Taken together these data suggest that perforin- and
CD95L-dependent killing are complementary at early time points, can each compensate for the
absence of the other at later time points and that there is an additional component of antigen-restricted
CTL killing independent of both perforin, CD95L and TNFα.
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Introduction
Cytotoxic T lymphocytes (CTL) play a crucial beneficial role in the elimination/destruction of
virus-infected and tumor-transformed cells, but a detrimental role in the development of many
autoimmune diseases and transplant rejection. At least two known pathways have been
identified for the induction of target cell apoptosis: i) the Ca2+-dependent, granule-mediated
pathway that relies on the discharge of perforin and granzyme proteases to induce apoptosis
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via a modified intrinsic mechanism and ii) CD95-ligand (CD95L)/CD95 death ligand/receptor
interactions that trigger the extrinsic pathway (for reviews see 1–3).

Engagement of the T-cell receptor (TCR) results in specialized granules in the CTL migrating
toward the site of contact between the effector and target cells. These lysosome-like granules
contain granzymes, perforin and CD95L. Following migration of granules to the site of contact
2, 4, exocytosis of granule contents into the intercellular space between killer and target results
in rapid death, within 30 minutes in vitro 5. Perforin is necessary for granzymes to induce
apoptosis via caspase-dependent and caspase-independent pathways. CD95L is translocated
from cytolytic granules to the surface of CTL upon engagement of the TCR. In nonlymphoid
cells CD95L induces death in CD95-bearing targets by an extrinsic death pathway without any
further additional requirements and therefore represents a promiscuous form of killing with no
requirement for antigen (Ag) presentation.

There have been numerous conflicting reports suggesting the relative importance of various
components of the CTL’s killing machinery 6–8 (reviewed in 1–3), illustrating the need for
further dissection of the activities and potential synergies between granzyme/perforin- and
CD95L-dependent killing by CTL. Here, we show in a non-infectious model that CTL primed
to cell-associated Ag require both perforin and CD95L for maximal target cell killing at four
hours but that the two cannot account for all Ag-dependent target cell deletion in vivo. The
perforin-dependent system showed significant but incomplete clearance at four hours, whereas
the CD95/CD95L system was less efficient at rapid clearance but capable of target cell
clearance at 20 hours. For rapid clearance, these two systems likely represent complementary,
non-redundant, killing mechanisms.

Results and Discussion
CTL-mediated killing of target cells is restricted to Ag-bearing targets

CD95L, when expressed by many cell types, imparts cytotoxic activity against CD95-
expressing cells 9–13. However, in CTL and NK cells CD95L is sequestered specialized
granules until engagement of TCR with Ag-loaded MHC I. We first asked was if CD95L
mediated killing of target cells by CTL was restricted to targets bearing appropriate Ag.
Lymphocytes were purified from Ad5E1-MEC immunized wild type (WT) mice, expanded
in vitro and subsequently cultured with 3[H]-labeled target cells from WT or lpr (CD95-
deficient) mice that were pulsed with the immunodominant epitope E1B192–200(Ag) or control
peptide. As shown in Figure 1A, neither WT or lpr targets not bearing Ag were killed by CTL
whereas there was specific killing against Ag-bearing targets, confirming that CD95-dependent
and -independent killing was restricted to Ag-bearing targets.

We next asked if under conditions where the CD95L system becomes activated (i.e. in the
presence of Ag-bearing targets) would CTL become promiscuous and capable of killing non
Ag-bearing bystander cells. To address this question, 3[H]-labeled target cells pulsed with
irrelevant peptide were used in combination with Ag-bearing targets. Specific killing of Ag-
bearing targets was observed at all effector:target (E:T) ratios (Figure 1B, closed circles), but
no killing of either WT or lpr bystander cells was detected (Figure 1B, open circles and closed
squares). These observations are consistent with early reports regarding bystander killing 14,
15 and suggest that once a CTL becomes capable of utilizing CD95L (which is Ag-dependent),
it retains the requirement for its targets to have appropriate Ag.

Perforin is dispensable for Ag-dependent target cell clearance in vivo
Our results prompted us to investigate Ag-restricted killing by CD95L in vivo. C57Bl/6 and
perforin−/− mice were immunized by subcutaneous injection of lethally irradiated Tap-
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deficient Ad5E1 mouse embryonic cells (MEC). Seven days after the initial challenge, naïve
and immunized mice were administered with a mixture of carboxyfluorescein diacetate
succinimidyl ester (CFSE)high cells pulsed with Ag (E1B192–200) and CFSEmed cells pulsed
with irrelevant peptide (OVA257–264). Twenty hours later, splenocytes were recovered from
recipient mice and, as shown in Figure 2A, both Ag-bearing and irrelevant targets were
recovered in similar ratios from naïve WT and perforin−/− mice. Importantly, target cells
bearing Ag were efficiently deleted from both WT and perforin−/− immunized mice at 20 hours,
suggesting that perforin was dispensable for Ag-dependent killing in this system. Our
observations are consistent with those reported by Barchet et al.6 showing clearance of gp33-
specific target cells at 20 hours by virus-specific CTL in LCMV-immunized WT and perforin
−/− animals. We also found that killing was completely CTL-MHC class I dependent as
depletion of CD8 but not CD4 T cells completely prevented clearance of the target cells in both
strains of mice (data not shown).

Dissection of Ag-restricted killing mechanisms in vivo
To further dissect the requirements for perforin-independent Ag-restricted killing in vivo we
first analyzed CTL induction and cytolytic effector molecules expression in WT and
perforin−/− mice. Both WT and perforin−/− mice showed a similar percentage of E1B192–200
specific interferon (IFN)γ-producing CD8+ T cells following immunization (Supplemental
Figure 1A) with comparable expression of effector molecules TNFα and CD95L
(Supplemental Figure 1B). Immunized WT mice cleared both WT and lpr Ag-pulsed targets
within 20 hr of transfer. However, while immunized perforin−/− mice efficiently cleared WT
targets, clearance of lpr targets was significantly reduced, indicating that together perforin-
and CD95-mediated killing accounts for the majority of target cell killing in immunized mice.
Interestingly, however, there remained approximately 35% specific killing in the absence of
these two triggers (Figure 2B) and 6. Although perforin and granzymes are intricately
associated and considered to work in concert, it is possible that one or more of the granzymes
kill in the absence of perforin. In vitro evidence indicates that perforin is not an absolute
requirement for the entrance granzymes into the target cell 16, 17. However, current research
still indicates that perforin is essential for cytolysis 1, 18.

Tumour necrosis factor (TNF)α, a lymphocyte-derived apoptotic cytokine, was excluded as a
major contributor to CTL-induced killing in vivo as no reduction in Ag-dependent killing of
TNF-receptor (TNFR1)−/− target cells was seen, which is in line with previously published
findings 19. In order to investigate the possibility that killing by a TNF-dependent mechanism
could account for the 35% killing in the absence of perforin and CD95. We performed similar
experiments as above in which immunized animals were administered neutralizing anti-
TNFα antibody along with target and control cells. As shown in Figure 2C, there was a slight
reduction in the clearance of Ag-bearing targets in the presence of anti-TNF indicating that
TNFα contributes to Ag-restricted killing, but cannot account for all of the perforin- and CD95-
inpdendent killing of Ag-bearing target cells.

To further rule out the possible involvement of other death ligands, targets were used from
mice expressing a dominant negative of Fas-Associated Death Domain (FADD), FADDdd,
under the T cell specific promoter lck. FADDdd binds death domains of the death receptors
but fails to activate caspase-8, thereby inhibiting receptor-mediated apoptosis. Ag-bearing
FADDddlck expressing target cells were efficiently deleted in immunized WT mice similar to
Ag-bearing WT target cells (Figure 2D). In contrast, perforin−/− mice showed reduced killing
of FADDdd expressing targets.

Results from our in vivo cytotoxicity assays suggest that there is a mechanism of Ag-specific
killing employed by CTL that is not mediated by perforin, CD95L or TNFα. It is possible that
the remaining cytotoxic activity (~30%) against Ag-bearing targets cannot be attributed to any
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known apoptotic initiator(s). TNF-related apoptosis inducing ligand (TRAIL), another member
of the TNF superfamily of death ligands, has been implicated as an important player in
apoptotic death in the immune system; however, as we did not detect expression of TRAIL in
activated CD8+ cells in immunized animals (Supplemental Figure 1B) TRAIL is unlikely to
be involved in target cell clearance in this system.

Perforin- and CD95L-dependent killing are both required for rapid clearance of Ag-bearing
targets in vivo

Although perforin was dispensable for clearance of Ag-bearing targets cells by 20 hours, there
remained the possibility of differential involvement of the perforin- and CD95-dependent
systems at earlier time points. Strikingly, in WT mice deletion of Ag-bearing targets was
virtually complete by 4 hours (Figure 2E). Mice lacking a functional CD95 system, but
retaining active perforin, showed reduced killing at the earliest time point, but complete
clearance of targets at 10 hours. This observation is in agreement with the findings of Barber
et al. that indicate depressed clearance of WT target cells in LCMV immunized perforin−/−
animals at one and four hours by virus-specific CTL20. Deletion of WT targets was reduced
in perforin−/− mice, presumably due to less efficient rapid clearance of targets due to CD95L.
It is interesting to note that at 4 hours the combined killing by perforin (~50%) and CD95L
(~35%) approaches that when both of these modalities were present. Therefore, it is possible
that they provide complementary killing mechanisms that that are nonredundant in the early
induction of apoptosis during Ag-restricted killing. There is also a possibility that
characteristics of the target cell may also influence the mechanism(s) and kinetics by which
target cells are cleared, for example by the expression of viral inhibitors of apoptosis or
oncogenes.

In summary, here we demonstrated that CTL primed to cell-associated Ag in the absence of
infection require both perforin- and CD95L-dependent arms of CTL’s arsenal for maximal
target cell deletion in vivo at four hours and that the contribution of each of these triggers may
be additive and therefore represent complementary death inducing systems at early time points.
At later times, perforin-mediated killing efficiently compensates for a lack of CD95L/CD95
killing; however, CD95L/CD95 cannot completely replace the perforin-dependent arm, even
at 20 hours. We observed no Ag-independent killing in vivo, thus excluding bystander killing
and the involvement of secreted cytotoxic factors. These observations provide mechanistic
insights into CTL killing in vivo that may influence therapeutic approaches to regulate CTL
activity in non-infectious scenarios such as transplantation, autoimmune diseases and
autologous tumour cell vaccination.

Materials and Methods
Reagents, cell lines and mice

C57Bl/6 (B6); B6.MRL-Tnfrsf6lpr/J (lpr); B6.129-Tnfrsf1atm1Mak/J (TnfR1−/−); B6.129S6-
Tnftm1Gkl/J (TNF−/−); C57Bl/6-Prf1tm1Sdz (perforin−/−); B6.SJL-PtprcaPep3b/BoyJ (CD45.1)
mice were purchased from Jax Mice and Services (Bar Harbor, ME). FADDddlck mice21 were
generously provided by Dr. Craig Walsh (University of California, Irvine). Mice were bred
and maintained at the LIAI or CCHMC under specific pathogen-free conditions in accordance
with guidelines of AALAC International or UK Home Office. C57Bl/6 TAP+/+ and TAP−/−

mouse embryo cell (MEC) lines expressing human adenovirus type 5 early region (Ad5E1)
were cultured as described22. In vivo CD4+ cell depletion was performed as described before
23,24. Unless stated otherwise, antibodies were purchased from BD Pharmingen (La Jolla, CA)
and general chemicals from Sigma. CFSE was purchased from Molecular Probes (Eugene,
OR). Rat anti-TNFα IgG1 antibody (MP6-XT22)25 was generously provided by Dr. F.
Finkelman (CCHMC, Cinncinati).
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In vivo cytotoxicity assay
Clearance of Ag-bearing targets relative to target cells with irrelevant Ag in experimental mice
was performed as previously described 26. Briefly, recipient mice were immunized by
subcutaneous injection of irradiated (3000 rad) Tap deficient Ad5E1 MEC cells (1 × 107).
Seven days later, CD45.1+ target cells were isolated from congenic mice and labeled with high
(6.25 μM) or low (0.625 μM) concentrations of CFSE. Brightly labeled cells were pulsed with
E1B192–200 peptide (VNIRNCCYI), and the other population with irrelevant peptide
(OVA257–264 SIINFEKL). Cells were i.v. injected in a 1:1 ratio into immunized or control
mice. Spleens were harvested at indicated times and CFSE-labeled cells enumerated by flow
cytometry after gating on CD45.1+ cells. Ag-specific clearance was compared directly with
clearance of targets with irrelevant peptide in each recipient animal. In experiments involving
neutralizing anti-TNF, antibody or isotype control (2 mg/mouse) was injected i.v. four hours
before target cells were transferred25.

Assessment of CTL induction and activation
The frequency of E1B192–200-specific T cells was determined by intracellular cytokine staining
upon stmulation with E1B192–200 peptide (5μg/ml) for five hours in the presence of brefeldin
A as described before. Surface staining for CD8 and CD95L and intracellular staining for
IFNγ, TNFα, CD95L and TRAIL were performed as described 26.

Ex vivo killing and bystander killing assays
In vitro cytolytic activity of E1B-specific CTL was evaluated by JAM assay as described27.
Briefly, splenocytes from immunized mice were isolated and stimulated for six days with
irradiated syngeneic TAP-sufficient 5E1 MEC. Target cells were prepared by culturing
splenocytes from indicated mouse strains with conA for 48 hours; 3H-thymidine was added
for the final 12 hours. Restimulated splenocytes were cultured in various ratios with target
cells. To assess bystander killing, 3H-labeled target cells loaded with irrelevant peptide were
combined with Ag-bearing non-3H-labeled targets and re-stimulated splenocytes. Specific
killing was calculated as ((spontaneous cpm – experimental cpm) × 100)/spontaneous cpm
23, 26.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CTL-mediated killing is restricted to Ag-bearing targets
A) Splenocytes from Ad5E1-MEC-immunized mice were expanded in vitro and cultured
with 3[H]labeled target cells from WT and CD95−/− mice that were pulsed with E1B192–200
(Ag) peptide. OVA257–264 pulsed non-labeled cells were used as negative control. Specific
killing was assessed by JAM assay after 4 hours. B) Non-specific “bystander” killing was
assessed by JAM assay as described above using 3[H]labeled cells without Ag (bystander) in
the presence of non-3[H]labeled Ag-bearing target. Data are expressed as mean +/− s.e.m. (n=3
per group, representative experiment of 3 experiments).
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Figure 2. Perforin is dispensable for Ag-dependent killing in vivo and both perforin and CD95/
CD95L are required for optimal MHC I-restricted killing of Ag-bearing targets in vivo
A) Ad5E1-MEC immunized WT and perforin−/− mice received equal numbers of CFSEhigh

Ag-pulsed targets and CFSEmed control cells. Twenty hours later clearance of Ag-pulsed target
cells was determined in the spleen by flow cytometry, using CFSEmed control cells as internal
standard. Data are shown from one naïve and immunized recipient mouse of each strain and
are representative of three separate experiments with n=3–4 per group. B) Ad5E1-MEC
immunized WT and perforin−/− mice received equal numbers of CFSEhigh Ag-pulsed targets
and CFSEmed control cells from indicated mouse strains. Twenty hours later clearance of Ag-
pulsed target cells was determined in the spleen by flow cytometry, using CFSEmed control
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cells as internal standard. C) Four hours prior to transfer of labeled target and control cells,
immunized animals were administered neutralizing anti-TNF antibody or isotype control.
Specific clearance Ag-bearing wild type and lpr target cells in wild type and perfrin-null
recipient mice in the presence or absence of neutralizing anti-TNF was assessed 20 hours after
transfer. D) Clearance of FADDddlckexpressing targets in immunized WT and perforin−/− mice
was determined. Killing of FADDddlck target cells was further dissected according to CD3+

targets that expressed FADDddlck and CD3- target cells that did not express the transgene.
Clearance of non-lck expressing targets cells from FADDddlck mice was comparable to WT
targets. E) Kinetics of perforin and CD95/CD95L mediated clearance. Immunized WT and
perforin−/− mice received WT or CD95−/− targets and AG-specific killing was determined at
indicated time-points. Data are expressed as mean +/− s.e.m. (n=3 per group, representative
experiment of 3 experiments).
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