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Abstract
Perforin-deficient mice serve as models for familial hemophagocytic lymphohistiocytosis (FHL), a
uniformly fatal disease associated with viral infection of perforin-deficient humans. Naïve
perforin-deficient (PKO) BALB/c mice survive while vaccinated PKO mice containing virus-
specific memory CD8 T-cells rapidly succumb to LCMV infection. Thus, vaccination converts a
non-lethal persistent infection into a fatal disease mediated by virus-specific memory CD8 T-cells.
Here, we determine the extent to which vaccination-induced mortality in PKO mice following
LCMV challenge is due to differences in vaccine modalities, the quantity or epitope specificity of
memory CD8 T-cells. We show that LCMV-induced mortality in immune PKO mice is
independent of vaccine modalities and that the starting number of memory CD8 T-cells specific to
the immunodominant epitope NP118-226 dictates the magnitude of secondary CD8 T-cell
expansion, the inability to regulate production of CD8 T-cell-derived IFN-γ, and mortality in the
vaccinated PKO mice. Importantly, mortality is determined by the epitope specificity of memory
CD8 T-cells and the associated degree of functional exhaustion and cytokine dysregulation but not
the absolute magnitude of CD8 T-cell expansion. These data suggest that a deeper understanding
of the parameters that influence the outcome of vaccine-induced diseases would aid rational
vaccine design to minimize adverse outcomes after infection.

Introduction
Following infection or immunization, Ag-specific CD8 T-cells undergo vigorous expansion
in numbers and differentiation into effector cells [1-6] that are capable of perforin-dependent
cytolysis and production of cytokines such as IFN-γ and TNF [7]. Tight regulation of
cytolysis and cytokine production by effector and memory CD8 T-cells is thought to
minimize immunopathology [8]. CD8 T-cell responses to infection can be associated with
lethal immunopathology as evidenced by uniform, perforin-dependent mortality after
intracranial injection of mice with lymphocytic choriomeningitis (LCMV) [9, 10]. In
addition to its cytotoxic function in the granule exocytosis effector pathway in CD8 T-cells
and NK cells [11], perforin has also been shown to regulate other aspects of the Ag-specific
CD8 T-cell response, including the degree of proliferative expansion in a bacterial infection
[12], exhaustion in chronic viral infection [13, 14], and survival of CD8 T-cells in models of
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graft-versus-host disease [15]. However, the precise role of perforin in regulating these
aspects of the CD8 T-cell response is still unclear. In particular, the role of perforin in
regulating the secondary CD8 T-cell response to infection has not been well characterized.

Additionally, perforin-deficient (PKO) mice serve as a clinically relevant model for the
human disease, Familial Hemophagocytic Lymphohistiocytosis (FHL) [16-19]. FHL is a
rare, but uniformly fatal, autosomal recessive immune disorder that is characterized by
massive activation of T cells and macrophages with an associated “inflammatory cytokine
storm” that results in host mortality [20]. The clinical manifestation of FHL in humans are
often linked to viral infections [21, 22] and the clinical severity and age of disease onset
correlate with the degree to which perforin function is impaired [20, 23-25].

The number of memory CD8 T-cells generated by infection or vaccination correlates
strongly with the degree of protection observed. Thus, effective vaccination strategies aim to
increase the number of protective memory CD8 T-cells. Since perforin is a critical cytotoxic
CD8 T-cell effector molecule, perforin deficiency results in immunocompromised state in
the host. However, in some models of infection (ie, Listeria monocytogenes infection),
immunity can be restored by increasing memory CD8 T-cell numbers even in the absence of
perforin [26]. Thus, PKO hosts should theoretically benefit from vaccination to increase
memory CD8 T-cell responses. PKO mice fail to clear primary LCMV infection [9, 11].
However, in contrast to improved immunity against LM by vaccination [27], we showed that
vaccination of PKO BALB/c mice with attenuated recombinant LM expressing the dominant
LCMV NP118-126 epitope resulted in massive LCMV-specific CD8 T-cell expansion,
dysregulated production of CD8 T-cell-derived IFN-γ, and increased mortality following
LCMV challenge [16]. Thus, while vaccination generally enhances antimicrobial immunity,
it can also evoke lethal immunopathology or exacerbate the disease.

MATERIALS AND METHODS
Mice

BALB/c-PKO mice (H-2d MHC; 8-16 weeks of age) [12, 27] were maintained by brother-
sister mating under specific pathogen-free conditions until initiation of experiments.
Following LCMV infection PKO mice were monitored daily for weight loss. Mice that lost
> 30% of their starting weight were euthanized per IACUC guidelines.

Dendritic cells, Bacteria, Virus and Immunization
Peptide-coated splenic DC were generated as described [28]. Attenuated (actA-deficient)
Listeria monocytogenes strains DP-L1942 (att LM) [29], XFL303actA-(att LM-NP118) [30],
and att LM-CS252 [31] are resistant to streptomycin and were used as described [16]. The
Armstrong strain of LCMV was prepared as described [12]. Viral titers in homogenates of
spleen were determined by plaque assay on VERO cells as described [32].

Adoptive-Transfer Experiments
Naïve female PKO mice were immunized with 1×107 cfu att LM-NP118 and the memory
time point (day 100) spleen cells were analyzed for the frequency and phenotype of NP118-
specific CD8 T-cells via FACS. For adoptive transfer experiment, groups of naïve PKO
mice received splenocytes from memory mice containing the indicated numbers of NP118-
specific memory CD8 T-cells one day before LCMV-Arm infection.

Quantification and phenotypic analysis of antigen-specific T-cells
The magnitude of the epitope-specific CD8 T-cell response was determined either by
intracellular IFN-γ staining (ICS) after 5-6hr incubation in brefeldin A, in the presence or
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absence of 200 nM of indicated peptide or MHC class I tetramer staining as described [33].
ICS from blood was done in the presence of peptide-coated P815 cells.

Antibodies, Peptides, and MHC Class I Tetramers
We used antibodies with the indicated specificity and with appropriate combination of
fluorochromes: IFN-γ (clone XMG1.2, eBioscience), CD8 (53-6.7, BD), Thy1.2 (53-2.1,
BD), TNF (MP6-XT22, eBioscience), CD127 (A7R34, eBioscience), CD43 (1B11, BD),
CD27 (LG.7F9, eBioscience), IL-2 (JES6-5H4, BD), CD62L (MEL-14, eBioscience), PD-1
(J43, eBioscience), KLRG-1 (2F1, eBioscience), Granzyme B (Caltag) and appropriate
isotype controls. MHC class I tetramers specific for NP118 and GP283 prepared using
published protocols [34, 35].

Statistical analysis
Significant differences between two groups were evaluated using a two tailed Student t test.

Results
Mortality in vaccinated PKO mice following LCMV-Arm challenge is independent of
immunization modalities

Several experimental animal models demonstrated that vaccination to increase pathogen-
specific memory CD8 T-cells can provide enhanced resistance against pathogen challenge in
immunocompromised hosts. For example, PKO mice and IFN-γ- and TNF-deficient mice
vaccinated with attenuated LM were better protected against virulent LM challenge in a
CD8 T-cell dependent manner [27, 36-38]. However, robust memory CD8 T-cell recall
responses to pathogen challenge could also lead to severe immunopathology and mortality.
C57BL/6 mice vaccinated with recombinant Vaccinia virus expressing LCMV proteins
succumbed to fatal meningitis after intracranial infection with a normally non-lethal dose of
LCMV [39]. Similarly, we showed that BALB/c-PKO mice that were vaccinated with
attenuated LM expressing the dominant LCMV epitope (NP118-126; H-2Ld restricted)
succumbed to LCMV infection despite massive expansion of CD8 T-cells [16]. In contrast,
PKO mice immunized with control attenuated LM survived the LCMV infection [16]. In
this case, of the presence of that NP118-specific memory CD8 T cells in PKO hosts converts
a non-lethal viral infection into devastating disease. However, it is unclear whether the
vaccine-induced mortality in PKO mice is a unique consequence of Listeria-based
vaccination.

To test the hypothesis that NP118-specific memory CD8 T-cells are the sole determinant of
LCMV-induced mortality regardless of vaccine delivery systems, we immunized PKO with
either attenuated LM expressing the H-2Ld restricted dominant epitope, NP118 (att LM-
NP118) or with NP118-peptide coated dendritic cells (DC-NP118) (Figure 1A). Both
immunization protocols generated NP118-specific memory CD8 T-cells with similar
frequency, phenotype (CD127hi, KLRG-1lo, CD27hi, CD43lo) and functionality (IFN-γ,
TNF and Granzyme B expression) (Figure 1B-D).

Mice from both vaccinated groups and non-immunized controls were then challenged with
LCMV-Arm. Consistent with our previously results [16], the NP118-specific CD8 T-cells in
the att LM-NP118-vaccinated PKO mice underwent massive expansion, constituting ~75%
of all CD8 T-cells in the spleen (~ 6-7×107 per spleen), at day 5 after LCMV challenge
(Figure 1C-D). 100% of these mice succumbed to the infection based on morbidity criteria
by day 11 post LCMV challenge (Figure 1E). In sharp contrast, non-immunized PKO mice
exhibited relatively modest expansion of NP118-specific CD8 T-cells at day 5 post-LCMV
infection and none of these mice succumbed (Figure 1C-E). Interestingly, massive
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expansion of that NP118-specific CD8 T cells was also observed in DC-NP118-vaccinated
mice and all of those mice succumbed to LCMV infection (Figure 1C-E). Finally, the
NP118-specific secondary effector CD8 T-cells at day 5 post LCMV challenge exhibited
similar phenotypes in the two vaccinated groups (Figure 1F). These results suggest that
mortality in vaccinated PKO mice following LCMV-Arm challenge is independent of
immunization modalities.

The number of NP118-specific memory CD8 T-cells at the time of LCMV infection dictates
secondary expansion and mortality in vaccinated PKO mice

Current literature suggests that the magnitude of CD8 T-cell expansion after primary
infection is related to the number of precursors recruited into the response [40, 41].
However, it remains unclear whether the number of LCMV-specific memory CD8 T-cells at
the time of LCMV infection determines the magnitude of secondary expansion and
subsequent mortality in PKO mice. To address this question, we generated different levels of
memory CD8 T-cells either by varying the dose of att LM-NP118 used for immunization or
by adoptive transfer of different numbers NP118-specific memory CD8 T-cells into naïve
PKO mice.

Naïve PKO mice were immunized with 5×106 cfu (high dose) or 5×102 cfu (low dose) of att
LM-NP118. In order to control the extent of inflammation elicited by two different doses of
infection used, mice that received a low dose of att LM-NP118 were co-infected with 5×106

cfu of the Att LM strain that does not express the NP118 epitope (Figure 2A). Approximately
4-fold fewer NP118-specific memory CD8 T-cells (detected in PBL) were present in ‘low
dose’ compared to ‘high dose’ immunized groups of mice (Figure 2B). At day 70 p.i. mice
from both experimental groups and an additional control (non-immunized) group were
challenged with LCMV-Arm. Despite having 4-fold difference in starting memory numbers,
similar numbers of secondary effector NP118-specific CD8 T-cells (>107 cells/spleen) were
detected in both groups of vaccinated PKO mice at days 5 and 7 post LCMV challenge
(Figure 2C). Importantly, all vaccinated mice rapidly lost weight and succumbed to LCMV
infection while non-vaccinated mice exhibited less weight loss and survived (Figure 2D-E).

In order to further decrease the number of memory CD8 T-cells we performed adoptive
transfer of different numbers of NP118-specific memory CD8 T-cells (ranging from 8×102

cells to 8×105 cells per mouse) into naïve PKO hosts. The NP118-specific population of
memory CD8 T-cells transferred exhibited a late memory phenotype (CD127hi, CD62Lhi,
KLRG-1lo, CD27hi) and function (IL-2 and TNF cytokine production upon re-stimulation
with NP118 peptide) (Figure 3A). All recipient mice and a group that did not receive
memory CD8 T-cells were challenged with LCMV-Arm. Mice receiving 8×105 and 8×104

NP118-specific memory CD8 T-cells rapidly lost weight and succumbed following LCMV
infection (Figure 3B-C). Interestingly, mice receiving 8×103 NP118-specific memory CD8
T-cells lost weight during the first week after LCMV infection but recovered without any
mortality. On the other hand, mice receiving 8×102 NP118-specific memory CD8 T-cells
exhibited only slight weight loss and did not succumb, similar to control mice that did not
receive any memory CD8 T-cells (Figure 3B-C). Consistent with their poor outcome, mice
receiving either 8×105 or 8×104 NP118-specific memory CD8 T-cells had high numbers
(>107 cells/spleen) at 5 days post LCMV infection. Importantly, a substantial fraction of
NP118-specific secondary effector CD8 T-cells in the groups receiving the highest numbers
of memory CD8 T-cells produced IFN-γ directly ex-vivo even in the absence of exogenous
peptide stimulation (Figure 3D). Together, these results suggested that secondary CD8 T-
cell expansion and mortality in PKO mice are dictated by the starting number of NP118-
specific memory CD8 T-cells at the time of LCMV challenge.
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Epitope specificity dictates vaccination-induced mortality in PKO mice following LCMV
challenge

Naïve PKO mice survive LCMV-Arm infection by exhausting their NP118-specific CD8 T-
cells [16]. Furthermore, more than 98% of the CD8 T-cell response to LCMV infection in
BALB/c mice is directed at the dominant NP118 epitope, with subdominant responses
directed to GP283 and GP96 epitopes [42, 43]. Previously work showed that vaccination to
generate wild-type memory CD8 T-cells against subdominant epitopes may be effective at
protecting from both LCMV and LM infection [44, 45].However, it remains unknown
whether memory CD8 T-cells specific for subdominant LCMV epitopes will also lead to
vaccine-induced mortality in perforin-deficient hosts.

To address this issue, we immunized naïve PKO mice with 5×105 DC coated with either the
dominant NP118 or subdominant GP283 LCMV epitopes, while mice in the control group
received DC coated with a P. berghei CS252 epitope. At day 102 after immunization all
groups of mice were challenged with LCMV-Arm and the kinetics of the CD8 T-cell
response and morbidity/mortality were analyzed (Figure 4A). Interestingly, the majority of
mice vaccinated with the subdominant GP283 epitope survived the LCMV infection as did
the control mice vaccinated with the control P. berghei CS252 epitope. As previously
observed, the majority of mice vaccinated with the dominant NP118 epitope succumbed to
the LCMV infection (Figure 4B (Figure 1E). Importantly, the NP118- and the GP283-specific
memory CD8 T-cells exhibited similar memory phenotype and function (CD127hi,
KLRG-1lo, CD27hi, CD43lo and high frequencies of these cells produce IL-2 and TNF upon
specific peptide restimulation) at the time of LCMV infection (Figure 4C) suggesting the
difference in outcome was not an issue of memory quality. However, a statistically
significant difference (p=0.03) in total number of NP118- and GP283-specific memory CD8
T-cells in the spleen of vaccinated PKO mice prior to LCMV challenge was observed
(Figure 4D).

To determine if the difference in the starting number of memory CD8 T-cells of different
Ag-specificity controls the difference in susceptibility to the LCMV challenge, groups of
naïve PKO mice were immunized with different numbers of peptide-coated DCs to equalize
the number of memory CD8 T-cells At day 124 following DC immunization, the frequency
of GP283-specific memory CD8 T-cells was approximately equal to that of NP118-specific
memory CD8 T-cells (Figure 4E). More importantly, the magnitude of expansion was also
similar between GP283- and NP118-specific CD8 T-cells at days 5 and 7 after LCMV
infection (Figure 4E). However, we observed 100% mortality in DC-NP118 vaccinated mice
but 0% mortality in DC-GP283- or DC-CS252 – vaccinated groups of mice (Figure 4F). Thus,
PKO mice containing memory CD8 T-cells against a dominant epitope, but not a
subdominant epitope, are predisposed to LCMV-induced mortality, under conditions where
the starting number and magnitude of expansion of memory CD8 T-cells are similar. These
results suggested that the epitope specificity dictates vaccination-induced mortality in
BALB/c-PKO mice following LCMV challenge.

Since vaccination of naïve PKO with the subdominant epitope did not result in mortality
following LCMV challenge, we also sought to determine whether these vaccinated mice
showed enhanced resistance against LCMV infection. Similar to the DC-NP118-vaccinated
PKO mice, the DC-GP283-vaccinated mice had significantly reduced viral load at day 5 post
LCMV infection compared to the non-immunized mice. However, the viral load reduction
was not sustained by day 7 post LCMV (Figure 5). Thus, although CD8 T-cell-mediated
LCMV-induced mortality can be avoided by vaccination of PKO mice with the subdominant
instead of the dominant epitope, this immunization did not provide sustained virus control
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Degree of cytokine dysregulation and functional exhaustion correlates with survival of
PKO mice vaccinated with subdominant GP283-epitope

In general, CD8 T-cells exhibit tight regulation of cytokine production and do not produce
IFN-γ directly ex vivo unless they receive Ag-stimulation. Following LCMV infection, the
mortality in vaccinated PKO mice containing NP118-specific memory CD8 T-cells is
associated with massive secondary expansion of cells exhibiting high levels of IFN-γ
directly ex vivo without further Ag stimulation. The inability to regulate cytokine production
is likely a major contributor to the mortality in PKO mice since treatment with neutralizing
anti-IFN-γ antibodies prevents mortality in vaccinated BALB/c-PKO as well as in naïve
C57BL/6-PKO mice after LCMV infection [16, 18]. The discrepancy in survival in mice
containing NP118- vs GP273-specific memory CD8 T cells could be explained by the extent
to which Ag-specific CD8 T-cells can regulate cytokine production. To test this notion, we
examined the IFN-γ production and the phenotype of CD8 T-cells post LCMV challenge in
vaccinated as well as in control mice. Five and 7 days after LCMV infection, a substantial
percentage of total splenic CD8 T-cells exhibited IFN-γ production in the absence of
exogenous peptide stimulation (no peptide) in the DC-NP118-vaccinated mice (Figure 6A,
middle row) while there was little difference in the DC-GP283-vaccinated or non-vaccinated
mice (Figure 6A, top and bottom rows). This resulted in significantly (p =0.0017) higher
number of total splenic CD8 T-cells (~ 10-fold) producing IFN-γ directly ex vivo at day 5
post LCMV in DC-NP118-vaccinated mice (Figure 6B). In addition, stimulation of splenic
CD8 T-cells isolated from DC-NP118-vaccinated mice at 5 and 7 days post LCMV infection
with GP283 peptide did not increase the frequency of IFN-γ-producing cells over the
baseline (no peptide), suggesting that most of these IFN-γ-producing CD8 T-cells are
NP118-specific (Figure 6A, middle row). Finally, the GP283-specific secondary effector CD8
T-cells from DC-GP283-vaccinated mice had lower expression of Programmed Death 1
receptor (PD-1) and higher fraction of these cells producing TNF when compared to NP118-
specific CD8 T-cells from DC-NP118-vaccinated mice (Figure 6C). While PD-1 is
upregulated in effector cells, sustained expression requires continued antigen-stimulation
[46, 47]. This phenotype suggested a lesser degree of functional exhaustion in the GP283-
specific CD8 T-cells since increased PD-1 expression and loss of TNF production have been
shown to correspond to exhaustion of antigen-specific CD8 T-cell in chronic viral infection
model [46, 47]. These results demonstrated that CD8 T-cell epitope specificity impacts both,
functional exhaustion and the ability to tightly regulate CD8 T-cell-derived cytokine
secretion, rather than the absolute number or magnitude of CD8 T-cell expansion.

DISCUSSION
Memory CD8 T-cells provide enhanced resistance to re-infection by the same pathogen.
Moreover, the number of memory CD8 T-cells correlates strongly with the level of
protection in experimental models of infection [1, 3]. The ultimate goal of any vaccine
regimen is to induce protective immunity against the targeted pathogens. Thus, vaccines to
promote cellular immunity should logically focus on achieving a sufficiently high number of
memory cells for protection. However, strong CD8 T-cell recall responses have also been
demonstrated to cause undesired and sometimes lethal immunopathology in certain
circumstances [9, 10, 16, 39]. Therefore, rational vaccine design needs to take into account
the delicate balance between robust immunity and lethal CD8 T-cell mediated
immunopathology.

Following LCMV-Arm infection, wild-type mice mount vigorous antiviral CD8 T-cell
responses and clear the virus in a perforin-dependent manner [48]. PKO mice fail to clear
LCMV-Arm and develop chronic infections [14]. Moreover, the requirement for perforin-
mediated cytolysis in resistance to primary infection with LCMV is well documented [49]
and PKO mice are models for FHL [16-19], a uniformly fatal disease associated with viral
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infection in human with mutations in perforin gene [20, 23-25, 50]. Thus, perforin
deficiency represents an immunocompromised state in which defective antiviral CD8 T-cell
response results in the establishment of chronic infection [16]. Previous work in our
laboratory demonstrated that vaccination to generate memory CD8 T-cells can overcome
perforin deficiency and provide enhanced resistance against intracellular infection with
Listeria monocytogenes [27, 38]. In contrast, vaccination of BALB/c-PKO mice results in
accelerated mortality following LCMV infection [16]. In this case, vaccination of PKO hosts
converts a non-lethal persistent infection into a rapidly fatal disease mediated by CD8 T-
cells.

To understand why vaccination leads to mortality in the absence of perforin, we analyzed
multiple parameters that could potentially contribute to the drastic, and ultimately fatal
response observed. We have shown that vaccination-induced mortality is mediated by
massive expansion of NP118-specific memory CD8 T-cells and the associated aberrant
cytokine production in PKO mice. Different vaccine strategies did not alter the outcome as
long as the number of NP118-specific memory CD8 T-cells exceeds a certain threshold
number.

In our adoptive transfer experiments (Figure 3), we observed that the majority of PKO mice
succumbed to LCMV infection if they received at least 8×104 NP118-specific CD8 T-cells.
Assuming 10% “take” of the transferred number, this result indicated that as few as 8,000
NP118-specific CD8 T-cells in the spleen at the time of LCMV infection would be sufficient
to cause mortality in these PKO mice. Although we did not observe any mortality in mice
that received 8×103 NP118-specific memory CD8 T-cells (i.e. 800 memory cells in the
spleen, assuming 10% take), we documented severe morbidity as significant weight loss in
these mice following LCMV infection (Figure 3C). Thus, even a small number of NP118-
specific memory CD8 T-cells is sufficient to cause immunopathology after LCMV infection
of PKO mice. These results could impact vaccine design strategies by challenging the notion
that “more is always better” in the level of memory T cells generated after vaccination. In
addition, these data also support the notion that the secondary CD8 T-cell response exhibits
elements of “programming” [51] since the NP118-specific CD8 T-cell expansion after
LCMV infection is proportional to the initial memory levels in PKO mice, suggesting all
recruited cells underwent a similar number of divisions (Figure 3D).

We observed minor differences in the phenotype of Ag-specific CD8 T-cells between DC-
and att LM-primed PKO mice at memory time points. For example, the frequency of
KLRG-1-expressing memory CD8 T-cells is higher in LM infected compared to DC primed
mice. The extent to which such phenotypic differences influence the ability of memory cells
to respond to LCMV infection may be minimal, since we observed the same massive
expansion of that NP118-specific memory cells in both groups. In addition, recent data
suggested that KLRG-1 was dispensable for normal CD8 T-cell differentiation and function
after viral infections [52].

Tight regulation of cytolysis and cytokine production by effector and memory CD8 T-cells
in the presence of antigen has been proposed as a likely mechanism to minimize
immunopathology [8, 53]. IFN-γ production by wild-type NP118-specific CD8 T-cells from
LCMV infected mice is not detected in direct ex vivo assays at any time post infection
without addition of antigen [54, 55]. In addition, IFN-γ production by these cells is rapidly
extinguished by removal of antigen [54, 55]. Thus, it is likely that failure to clear LCMV in
vaccinated PKO mice causes chronic stimulation of the massively expanded NP118-specific
CD8 T-cell population, resulting in dysregulated production of cytokines and mortality.
Interestingly, we observed significant reduction of LCMV viral titer in the spleen of NP118-
vaccinated PKO mice at day 5 post LCMV infection compared to control mice (Figure 5).
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We would have predicted that lower viral titer would correspond with lower systemic
cytokine levels. However, in this case, lower viral titer may be the result of increased
systemic cytokine (i.e. cytokine storm) that potentially interferes with viral replication. The
inability to clear the virus leads to rebound of LCMV titer in these vaccinated PKO mice
suggesting that despite enormous number of Ag-specific CD8 T-cells perforin-mediated
cytolysis is absolutely required to control LCMV infection and provide sterilizing immunity.
Thus, the early substantial reduction in viral titers is still associated with mortality in these
PKO mice. In addition, this result also suggested that cytokine dysregulation is a property
inherent to PKO-derived memory CD8 T-cell response as has been suggested from in vitro
studies [56].

Naïve BALB/c-PKO mice (H-2d) survive LCMV Arm infection by exhausting their NP118-
specific CD8 T-cells [16]. In contrast, a substantial number of, although not all, naïve PKO
mice on the B6 background (H-2b) succumb to LCMV Arm infection, apparently as a
consequence of failure to exhaust their antigen-specific CD8 T-cells [13, 14]. The
differences in the complexity of the CD8 T-cell response or the influence of background
genes (ex. extent of IFN-γ production) may account for the results. Using LCMV infection
of naïve C57BL-6-PKO mice Lykens et. al. recently showed that heightened antigenic
stimulation is responsible for exaggerated T cell activation [57]. They suggested that
perforin-dependent cytotoxicity, in addition to promoting viral clearance, regulates T cell
activation by modulating Ag presentation [57]. Despite the differences in susceptibility of
naïve BALB/c and C57BL/6 PKO mice to LCMV infection, we also observed massive CD8
T-cell expansion and accelerated LCMV induced mortality in GP33 vaccinated compared to
naïve C57BL/6-PKO mice (data not shown). Thus, the vaccine-induced sensitization to
mortality associated with PKO memory CD8 T-cells after LCMV infection is not restricted
to BALB/c background. In addition, functional exhaustion of antigen-specific CD8 T-cells is
not always associated with chronic infection [58, 59]. Chronic infection may be pathogen or
host specific and it does not necessarily lead to Ag-specific CD8 T-cell exhaustion in all the
cases. Although we observed lesser degree of “exhaustion” as characterized by TNF and
PD-1 expression in GP283-specific CD8 T-cells compared to NP118-specific CD8 T cells,
viral control was not achieved in the absence of perforin in both cases (Fig. 5). In the
absence of perforin, the phenotype of GP283-specific CD8 T-cells appeared “less exhausted”
at the time we analyzed them could reflect the extent that these cells can regulate cytokine
production. In addition, it remained to be elucidated whether encounter with antigen is
similar between the NP118- and GP283-specific memory CD8 T-cells in the PKO mice, not
just initially, but throughout the infection course.

Previous studies using different models of infection showed that protective immunity
mediated by pathogen-specific CD8 T-cells did not correlate with immunodominance
hierarchies after infection [44, 45]. Based on the results with PKO mice vaccinated with
dominant NP118 epitope, we expected that massive antigen-specific memory CD8 T-cell
expansion contributed to the LCMV induced mortality independent of epitope specificity.
Interestingly, PKO mice vaccinated with subdominant GP283 epitope survived the LCMV
infection even though they contained similar starting memory CD8 T-cell numbers and
underwent similar expansion in numbers as NP118-specfic CD8 T-cells. These results
suggested that epitope specificity dictates the LCMV induced mortality in vaccinated PKO
mice. Furthermore, we also observed less cytokine dysregulation, in particular IFN-γ, by
GP283-specific CD8 T-cells following LCMV infection. It is unclear which specific
parameter(s) influence the cytokine profile of these GP283-specific CD8 T-cells and
subsequent vaccine-induced mortality in PKO mice. Whether it is the duration or the amount
of functional antigen display of the subdominant epitope, and/or the intrinsic properties of
GP283-specific CD8 T-cells remains to be elucidated. Importantly, GP283-vaccinated PKO
mice survive the LCMV infection but viral titers in these mice were only transiently reduced
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suggesting that sterilizing CD8 T-cell-mediated immunity was not achieved. Therefore, our
results suggested that vaccination of perforin-deficient hosts (and perhaps FHL patients)
against either dominant or subdominant epitopes may not be beneficial but rather could
potentially cause harmful outcome for the hosts. In addition, exhaustion of immunodominant
NP118-specfic memory CD8 T-cells following primary LCMV infection of BALB/c PKO
mice is thought to limit cytokine dysregulation and establish chronic infection. Whether
secondary GP283-specific memory CD8 T-cells following LCMV challenge will also
undergo exhaustion after massive primary response and the impact on the chronic infection
by LCMV remain to be elucidated.
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Figure 1. Mortality in vaccinated PKO mice following LCMV-Arm challenge is independent of
immunization modalities
A) Naïve BALB/c-PKO mice (15 /group) were immunized with either att LM-NP118 (~106

cfu) or DC-coated with NP118 peptide or PBS (non-immunized group). On day 102 p.i. all
groups of mice were infected with LCMV-Arm (~5×105 pfu/mouse; i.p.). B) Representative
dot plots and histograms showing the frequency and phenotype of NP118-specific memory
CD8 T-cells as detected by peptide stimulated intracellular IFN-γ staining (ICS) at day 102
p.i. Frequency C) and total number D) of NP118-specific CD8 T-cells in the spleen as
measured by Ld/NP118 tetramers at memory time point and 5 days following LCMV
challenge (day 102+5). E) Survival after LCMV infection (9 /group). F) Frequency and
phenotype of NP118-specific secondary effector CD8 T-cells as detected by ICS at day 5
post LCMV challenge. The numbers represent percentage of IFN-γ (B and F) or Ld/NP118
tetramer positive cells (C) of all splenic CD8 T-cells. The numbers inside the histograms
represent the percentage of NP118-specific CD8 T-cells positive for the indicated marker.
Shaded histograms represent isotype-control staining. Data are representative of at least 2
independent experiments. N.D. = not done.

Pham et al. Page 13

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Low frequency of NP118-specific memory CD8 T-cells is sufficient to cause mortality in
vaccinated PKO mice following LCMV challenge
A) Naïve PKO mice (12 /group) were immunized with either ~5×106 or ~5×102 cfu att LM-
NP118 or PBS (non-immunized group) and infected with LCMV-Arm (day 70 p.i.).
Frequency B) and total number C) of NP118-specific CD8 T-cells in PBL as measured by
ICS at day 70 p.i. (mean + SD). D) NP118-specific secondary effector CD8 T-cell responses
in the spleen were detected by Ld/NP118 tetramers staining (mean ± SD, n=3 at each time
point) and enumerated at day 5 and 7 following LCMV infection. Morbidity measured as
weight loss E) and survival F) of PKO mice after LCMV infection (at least 6 /group). Data
are representative of at least 2 independent experiments. LOD = limit of detection.
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Figure 3. Starting number of NP118-specific memory CD8 T-cells at the time of LCMV infection
dictate secondary expansion and mortality in vaccinated PKO mice
Five groups of naïve PKO mice (10 /group) received splenocytes from previously
immunized donor PKO memory mice containing 8×105 or 8×104 or 8×103 or 8×102 or 0
NP118-specific memory CD8 T-cells one day before LCMV-Arm challenge .A) Phenotype
of NP118-specific memory CD8 T-cells prior to adoptive transfer as detected by direct ex-
vivo Ld/NP118 tetramer staining without antigen stimulation (top row) or intracellular IFN-γ
after in vitro antigen stimulation (bottom row). Survival B) and morbidity measured as
weight loss C) of the recipient PKO mice after LCMV-Arm infection (7 /group). D) Number
of IFN-γ+ CD8+ T cells (mean + SD, n=3) in the spleen of recipient PKO mice in the
absence (left panel) or presence (right panel) of NP118 peptide stimulation at day 5 post
LCMV infection. Data are representative of at least 2 independent experiments.
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Figure 4. Epitope specificity dictates vaccination-induced mortality in PKO mice following
LCMV infection, independent of magnitude of memory CD8 T-cell expansion
A) Naïve PKO mice (9 /group) were immunized with either DC-NP118 or DC-GP283 or DC-
CS252 (106 cells/mouse) and infected (day 102 p.i.) with LCMV-Arm (5×105 pfu). B)
Survival of vaccinated PKO mice after LCMV infection (n=6 mice/group). C)
Representative dot plots and histograms showing the frequency and phenotype of NP118-
and GP283-specific memory CD8 T-cells as detected by ICS prior to LCMV infection. D)
Total number (mean + SD, n=3) of NP118-specific (black bar) or GP283-specific (white bar)
CD8 T-cells in the spleen as measured by tetramers staining at days 102 and 102+5. (E and
F) In a subsequent experiment, naïve PKO mice were immunized with either ~1×105 DC-
NP118 or ~1.6×106 DC-GP283 or 1.6×106 DC-CS252 per mouse (n=10 mice/group) and
infected (day 124 p.i.) with LCMV-Arm (5×105 pfu). E) Total number (mean + SD, n=3) of
NP118- or GP283-specific CD8 T-cells in the spleen as measured by tetramers staining at
memory time point (day 124) and 5 and 7 days following LCMV challenge. F) Survival of
vaccinated PKO mice after LCMV infection (7 /group).
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Figure 5. Robust expansion of both NP118- and GP283-specific memory CD8 T-cells correlates
with early viral control but these mice failed to clear the virus after LCMV infection
Spleens of mice as in Figure 5E were assessed for viral load (pfu/spleen; mean + SD, n=3) at
days 5 and 7 following LCMV-Arm infection. Data are representative of at least 2
independent experiments.
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Figure 6. GP283-specific CD8 T-cells exhibited less cytokine dysregulation and functional
exhaustion following LCMV-Arm challenge
Naïve PKO mice were immunized with either ~1×105 DC-NP118 or ~1.6×106 DC-GP283.
These mice and non-immunized controls were infected with LCMV-Arm on day 117 post
immunization. A) Representative dot plots showing gating strategy and IFN-γ production by
the splenic CD8 T-cells in the absence or presence of NP118 or GP283 peptide stimulation at
day 5 and 7 post LCMV infection. B) Number of IFN-γ+ CD8 T-cells (mean + SD, n=3) in
the spleen in the absence of peptide stimulation at day 5 and 7 post LCMV infection. C)
Representative histograms and D) cumulative data showing PD-1 or TNF expression by the
NP118- and GP283-specific CD8 T-cells in the vaccinated PKO mice at days 5 and 7
following LCMV infection. The numbers inside the histograms represent the percentage of
antigen-specific CD8 T-cells positive for the indicated markers.

Pham et al. Page 18

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


