INFECTION AND IMMUNITY, Feb. 2005, p. 849-858
0019-9567/05/$08.00+0 doi:10.1128/IAI1.73.2.849-858.2005

Vol. 73, No. 2

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Invariant Val14 Chain NKT Cells Promote Plasmodium berghei
Circumsporozoite Protein-Specific Gamma Interferon- and
Tumor Necrosis Factor Alpha-Producing CD8" T Cells
in the Liver after Poxvirus Vaccination of Mice

Simone Korten,"** Richard J. Anderson,” Carolyn M. Hannan," Eric G. Sheu,' Robert Sinden,*
Stephan Gadola,” Masaru Taniguchi,’ and Adrian V. S. Hill'"?

Nuffield Department of Medicine, John Radcliffe Hospital," and Weatherall Institute of Molecular Medicine,® Oxford University,
and The Wellcome Trust Center for Human Genetics,® Oxford, and Department of Biological Sciences, Imperial College

London, London,* United Kingdom; Department of Immunology, Bernhard Nocht Institute for Tropical Medicine,
Hamburg, Germany*; and RIKEN Research Center for Allergy/Immunology and Department of Molecular
Immunology, Graduate School of Medicine, Chiba University, Chuoku, Chiba, Japan®

Received 23 March 2004/Returned for modification 1 June 2004/Accepted 5 October 2004

Understanding the protective mechanism in the liver induced by recombinant vaccines against the pre-
erythrocytic stages of malaria is important for vaccine development. Most studies in mice have focused on
splenic and peripheral blood T cells and identified gamma interferon (IFN-y)-producing CD8* T cells as
correlates of protection, which can be induced by prime-boost vaccination with recombinant poxviruses.
Invariant natural killer T (Va14iNKT) cells can also protect against liver stage malaria, when activated, and
are abundant in the liver. Since poxviruses have nonspecific inmunomodulating effects, which are incompletely
understood, we investigated whether recombinant poxviruses affect the protective properties of hepatic
Va14iNKT cells and thus vaccine efficacy. We show that intradermal vaccination with recombinant poxviruses
activated Va14iNKT cells and NK cells in the livers of BALB/c mice while inducing IFN-y- and tumor necrosis
factor alpha (TNF-«)-producing pre-erythrocytic stage antigen-specific CD8* T cells. Greater numbers of
hepatic Val4iNKT cells secreted interleukin-4 than IFN-y. Vaccinated Va14iNKT-cell-deficient mice had
lower, but still protective levels of hepatic and splenic IFN-y* and TNF-a* CD8™ T cells and better protection
rates later after challenge with Plasmodium berghei sporozoites. Therefore, vaccine-activated hepatic
Va14iNKT cells help in generating specific T cells but are not required for protection induced by recombinant
poxviruses. Furthermore, double-positive INF-y*/TNF-a* CD8" T cells were enriched in protected livers,

suggesting that cells expressing both of these cytokines may be most relevant for protection.

The malaria parasites, Plasmodium spp., are a leading cause
of death and morbidity in tropical countries. In the face of the
increasing drug resistance of these parasites, other effective
interventions, such as vaccines, that target the pre-erythrocytic
liver, blood, and transmission stages are urgently needed (33).
Understanding the protective immune mechanisms in the liver
may be crucial for the development of a pre-erythrocytic stage
vaccine (14). Natural and vaccine-induced immunity to liver-
stage malaria requires specific and vigorous cellular immunity
mediated by gamma interferon (IFN-y), as well as nonspecific
interleukin-12 (IL-12), IFN-y-producing natural killer (NK)
cells, and v T cells (13, 14, 20, 42, 43). The best-defined and
clinically applied correlates of protection are IFN-y-produc-
ing pre-erythrocytic stage-specific CD4* and CD8™ T cells,
which trigger the intracellular nitric oxide pathway in hepato-
cytes infected by sporozoites (20, 43). Infection with radiation-
attenuated sporozoites induces such protective T-cell re-
sponses, as does heterologous prime-boost immunization with
recombinant DNA and viral vectors, encoding pre-erythrocyt-
ic-stage antigens, such as the circumsporozoite protein (CSP),
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a major sporozoite surface antigen (15, 43, 45). Attenuated
recombinant poxviruses such as modified vaccinia virus Ankara
(MVA) (32, 45) and the new fowlpox strain, FP9 (3), have been
successfully used for heterologous T-cell boosting and confer
substantial protection against malaria in animals, as well as in
some volunteers in phase Ila clinical trials (3; unpublished
data).

Vaccine-induced T-lymphocyte responses have mainly been
described in peripheral blood and murine spleens but not in
the liver, except for studies on sporozoite immunization (4, 28).
Since the immunogenic properties of attenuated recombinant
poxviruses are incompletely understood, we examined the in-
fluence of FP9 and MVA vaccination on liver lymphocytes in
more detail after a recent study demonstrating the induction of
hepatic IFN-y-producing CD8" T cells by these vaccines (3).

We investigated whether poxvirus vaccination induced not
only IFN-y-producing, but also TNF-a-producing CD8" T
cells in the murine liver and whether they correlated with pro-
tection against sporozoite challenge. The induction of TNF-a-
producing T cells is of particular interest in malaria because
TNF-a can inhibit both liver- and blood-stage parasites (23, 24,
29, 36) and synergizes with IFN-vy to induce nitric oxide and kill
parasites (23, 24).

In addition to CSP-specific CD8* T cells, we also examined
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nonspecific invariant natural killer T (Val4iNKT) and NK
cells, since little is known about the paraspecific effects of at-
tenuated poxviruses (31). It is known from live or killed viruses
that they can activate peripheral blood, splenic, and hepatic
NK cells (12, 31, 41). Val4NKT cells are a CD4" or CD4~
CD8™ NK cell receptor bearing subpopulation of T cells with
restricted T-cell-receptor (TCR) repertoire expression. In mice
this includes the invariant Va14-Ja18/VB2/VBR7/VB8.2 chains.
Val4iNKT cells are particularly abundant in the murine liver
and can be rapidly activated similar to NK cells (10, 16). In
contrast to NK cells, they can produce not only IFN-vy but also
IL-4 and thus can promote Thl or Th2 type-specific immu-
nity, activating antigen-presenting cells, NK cells, B cells, and
T cells (7, 10, 16, 42). Since the liver is also known to be a
Th2-driving environment, which could hamper vaccine-in-
duced Thl immunity against liver-stage parasites (10, 28), we
have studied here IL-4 and IFN-y production by Val4iNKT
cells. IL-4, derived from conventional CD4™" T cells, can pro-
mote the generation of liver-stage-specific CD8" T cells (8)
but also suppress Th1 immunity (49). Val4iNKT cells release
cytokines upon TCR-mediated recognition of the synthetic
glycolipid ligand alpha-galactosylceramide (a-GalCer), which
binds to CD1d molecules on antigen-presenting cells (26).
Triggered by a-GalCer, IFN-y-producing Val4iNKT cells
confer very short-term protection and adjuvant vaccine-in-
duced IFN-y-producing specific T cells against murine liver-
stage malaria (18, 19). We hypothesized that there might be a
synergistic induction of Va14iNKT, CD8" T, and NK cells by
poxvirus vaccination independently from «-GalCer and that
this might influence protection. To test our hypotheses, we
immunized wild-type (WT) BALB/c mice and Val4iNKT-cell-
deficient Ja18-chain knockout (KO; Ja18 /") mice with ma-
laria poxvirus vaccines and challenged them with infectious
sporozoites.

This comparative analysis of hepatic and splenic antigen-
specific CD8" T cells, Va14iNKT cells, and NK cells after ma-
laria poxvirus vaccination and challenge provides novel infor-
mation on liver immunity against pre-erythrocytic-stage malaria.

MATERIALS AND METHODS

Immunization of mice with malaria vaccines. We used 6- to 12-week-old
female WT BALB/c mice and Ja18/~ mice (formerly Ja2817/~, backcrossed
more than 10 times to BALB/c background) (mainly female) mice, which lack
Val4iNKT cells, in these experiments. Mice were originally obtained from The
Jackson Laboratory (Bar Harbor, Maine) and Chiba University (Chuoku, Chiba,
Japan) (11) and were bred at the Oxford University animal facilities under
specific-pathogen-free conditions. The mice were handled according to the
Home Office Animals Act 1986 (Scientific Procedures) guidelines under project
license PPL 30/1805. Construction of the MVAPbCSP vaccine encoding the P.
berghei circumsporozoite protein (PbCSP) has been previously described (45).
The attenuated fowlpox vaccine strain FP9 was produced by multiple passage of
WT strain HP-1 as previously described (3, 30). For the empty control viruses
(FP9/MVAlacZ), fowlpox vaccine strains were recombined with pEFL29 without
an inserted antigen but contain the B-galactosidase gene under a late promoter
(3). Recombinant viruses were administered intradermally bilaterally into the
ears at a dose of 10° PFU, diluted in 50 ul of endotoxin-free Dulbecco’s phos-
phate-buffered saline (PBS; Sigma). Mice were primed with FP9PbCSP (F) and
boosted 2 weeks later with MVAPbCSP (M). Some mice were prime-boosted
with the control viruses FP9lacZ and MV AlacZ. Mice were sacrificed for immu-
nogenicity assays 14 to 40 days postimmunization.

Challenge of mice with P. berghei sporozoites. Laboratory-reared female
Anopheles stephensi mosquitoes infected with P. berghei sporozoites (ANKA
strain clone 234) were maintained at 21°C for 21 to 25 days after feeding on
infected mice. Mosquito salivary glands were dissected and homogenized in 4°C
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RPMI 1640 media (Sigma) to release sporozoites (45). Groups of F/M-vacci-
nated mice (n = 3 to 17) were challenged and, as controls, naive mice (n = 3 to
9) were infected with 1,000 sporozoites (100 wl) by intravenous injection into the
lateral tail vein, providing a stringent challenge (3). Blood-stage infection (pa-
tency) was monitored from days 3 to 13 postinfection or challenge for the
presence of ring forms by using Giemsa-stained blood smears. Mice were either
sacrificed 1 day or 6 to 13 days after challenge or maintained for rechallenge at
40 days after immunization.

Cell preparation. Splenocytes were isolated by mechanical disruption of
spleens, filtration, and red blood cell lysis in ammonium chloride buffer and
prepared for enzyme-linked immunospot (ELISPOT) assays and fluorescence-
activated cell sorter (FACS) analysis as previously described (45). Only lympho-
cytes with >98% viability were gated, and absolute numbers were counted on a
CASY Cell Analyzer (Model TT; Schaerfe System GmbH, Reutlingen, Ger-
many). For the isolation of hepatic mononuclear cells (MNC), livers were flushed
in situ via the portal vein with 10 ml of PBS containing 10% fetal bovine serum.
After mechanical disruption and filtration, pelleted cells were resuspended in 5
ml of buffered 80% Percoll (Amersham Pharmacia Biotech; supplemented with
0.5% bicarbonate [7%], 10% 10xRPMI, 1% fetal bovine serum) overlaid with 5
ml of 35% buffered Percoll and spun at room temperature at 500 X g without
brake for 25 min. MNC from the interface were pelleted, washed, and resus-
pended in 1 ml of medium, and lymphocytes were counted as described above
and further processed for ELISPOT assays or FACS analysis.

ELISPOT assays. IFN-vy, tumor necrosis factor alpha (TNF-a), or IL-4 ex vivo
ELISPOT assays on splenocytes and hepatic MNC were conducted as previously
described for splenic IFN-y-producing T cells (45). Briefly, ELISPOT plates
(Millipore) were coated with 10 g of anti-mouse IFN-y antibody (Ab; clone
R4-6A2), anti-TNF-a Ab (clone G281-2626), or anti-IL-4 Ab (clone BVD4-
1D11)/ml (Becton Dickinson). Target cells (0.5 X 10° cells/well) were prepared
by pulsing naive splenocytes with (i) the H-2K“-restricted test peptide Pb9 (SY-
IPSAEKI), an immunodominant CD8 epitope from P. berghei CSP, which is only
recognized by peptide Pb9-specific CD8" T cells; (ii) a-GalCer (provided by
Kirin Brewery, Ltd., Tokyo, Japan) to detect a-GalCer responsive Val4iNKT
cells; or (iii) an irrelevant control peptide. Splenocytes were applied at 0.5 X
10%well, and liver MNC at various cell numbers per milliliter (mean * the
standard deviation [SD]: [2.5 *+ 2] X 10%ml; [1.2 = 1] X 10°/well), and responses
as spot-forming cells (SFC) per million were calculated from duplicate wells after
subtraction of negative control wells. After 18 to 24 h of incubation at 37°C under
5% CO,, the plates were washed once with distilled water and four times with
PBS before overnight incubation with biotinylated anti-mouse IFN-y Ab (clone
XMG1.2), anti-TNF-a Ab (clone MP6-XT3), or anti-IL-4 Ab (clone BVD6-
24G2) (Becton Dickinson). The assay was developed by further incubation with
streptavidin-alkaline phosphatase polymer (Mabtech; Sigma), and spots were
visualized by adding an alkaline phosphatase substrate solution (Bio-Rad). Spots
were counted by using an AID ELISPOT counter (AID GmbH).

Cell staining and FACS analysis. For detection of Val4iNKT cells, spleno-
cytes and hepatic MNC were four-color stained with CD1d/a-GalCer tetramer-
phycoerythrin (PE), biotinylated anti-TCRP chain Ab (clone H57-597) conju-
gated with peridinin chlorophyll protein (PerCP), anti-CD8a-allophycocyanin
(APC) (Ly-2, clone 53-6.7), and anti-CD4-fluorescein isothiocyanate Ab (FITC;
clone H129.19) (Becton Dickinson). A total of 15,000 to 70,000 gated lympho-
cytes were acquired. The CD1d/a-GalCer tetramer was generated by in vitro
oxidative refolding chromatography as previously described (25). NK cells and
conventional T cells were detected by four-color staining with anti-CD49b/
Pan-NK cell Ab (clone DX5), biotinylated anti-TCRB chain (clone H57-597)
conjugated with streptavidin-PerCP, anti-CD8a-APC Ab (Ly-2, clone 53-6.7),
and anti-CD4-FITC Ab (clone H129.19). A total of 10,000 lymphocytes were
gated at analysis. Intracellular cytokine staining (ICS) was performed on approx-
imately 2 X 10° splenocytes and 2 to 8 X 10 liver MNC pooled from two or four
mice, stimulated with peptide Pb9, phytohemagglutinin, or an irrelevant peptide
for 6 h. A Cytofix/Cytoperm Plus (with Golgi Plug) kit (Becton Dickinson) was
applied according to the manufacturer by using anti-IFN-y-FITC Ab (clone
XMG1.2), biotinylated anti-TNF-a Ab (clone MP6-XT3) conjugated with
streptavidin-PerCP, anti-CD8a-APC Ab (clone 53-6.7), and anti-CD3-PE Ab
(clone 145-2C11) for staining. Isotype controls were performed with rat immu-
noglobulin G1 (IgG1)-PE (clone R3-34), rat IgG2a-FITC (clone R35-95), ham-
ster I[gG1-FITC (clone A19-3), hamster IgG2 (clone Ha4/8), and rat IgM (clone
R4-22). A total of 30,000 to 200,000 gated lymphocytes were acquired. The
PE-conjugated H-2KY/Pb9 tetramer was generated as described previously (2)
and applied, together with anti-B220-FITC Ab and anti-CD8B-Tricolor Ab
(CalTag-Medsystems), in FACS buffer for incubation of cells for 20 to 30 min at
37°C. All samples were preincubated with Fe-block (anti-FcRyIII/II CD16/CD32
Ab, clone 2.4G2). After staining, all cells were fixed in PBS-2% paraformalde-
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hyde and analyzed by a FACSCalibur instrument (Becton Dickinson) using
CellQuest software (Becton Dickinson).

Statistical analysis. The paired-sample and unpaired Student ¢ test was used
for analysis of normally distributed data. Differences in protection rates of
P. berghei-infected mice were assessed by using 95% confidence intervals (CI)
according to the method of Newcombe (34, 35). Statistical analysis was per-
formed by using SPSS for Windows version 10 (SPSS, Inc.), Microsoft Excel 2001
or, for calculating the odds ratio (OR), QuickView 4.0/Statcalc.

RESULTS

Prime-boost vaccination induces IFN-y- and TNF-«-pro-
ducing pre-erythrocytic-stage antigen-specific CD8™ T cells
in the liver and spleen. BALB/c mice were intradermally im-
munized against the P. berghei pre-erythrocytic-stage antigen
CSP by heterologous prime-boost poxvirus vaccination with
FP9PbCSP and MVAPDLCSP (F/M). First, we determined the
total number of CD8" T cells specifically induced in the liver
and spleen by staining with peptide Pb9-tetramer. About 10%
of hepatic CD8" T cells (Fig. 1A) were antigen specific. Next,
we analyzed the levels of IFN-y-producing peptide pb9-specific
CD8" T cells in ELISPOT assays. Vaccination clearly induced
equal levels of IFN-y-producing CD8™" T cells in livers (Fig. 1B
and C) and spleens (Fig. 1D), reaching approximately 1,000
SFC/million lymphocytes. Further, we examined in parallel
whether TNF-a-producing antigen-specific CD8 " T cells were
generated alongside IFN-y-producers, because the total num-
ber of peptide Pb9-specific tetramer™ T cells exceeded that of
IFN-y*/CD8™" T cells alone in ELISPOT assays (for example,
1,000 SFC/million hepatic lymphocytes corresponds to 0.5 to
1% tetramer® CD8" T cells). Vaccination also strongly in-
duced TNF-a-producing peptide pb9-specific CD8* T cells in
livers (Fig. 1B and C) and spleens (Fig. 1D). The TNF-«a
secretors exceeded IFN-vy secretors in the liver (ratio of about
2:1) but not in the spleen. The nonspecific background pro-
duction of both cytokines was very low. ICS confirmed that T
cells and not macrophages secreted TNF-a and therefore ac-
counted for the spots observed in ELISPOT assays (data not
shown). ICS revealed that vaccination induced double-positive
(IFN-y*/TNF-a) CD8" T cells, more in liver than in spleen,
upon stimulation with peptide Pb9 (Fig. 1E); ICS isotype con-
trols showed no or very little nonspecific staining (Fig. 1F), and
controls with the irrelevant peptide or phytohemagglutinin
were negative or positive, respectively (data not shown). In
addition, in F/M-vaccinated WT mice no IL-4-producing
CD8" T cells were detected by peptide Pb9 ELISPOT assays in
the liver or spleen above low naive background levels (data not
shown).

Va14iNKT cells promote the generation of IFN-y- and TNF-
a-producing pre-erythrocytic-stage antigen-specific CD8* T
cells in the liver and spleen. We determined whether these
specific T-cell responses were influenced by the presence of
Val4iNKT cells in the absence of the activating ligand aGal-
Cer. F/M vaccination of Val4iNKT-cell-deficient Jal8 '~
mice induced significantly fewer IFN-y-producing peptide Pb9-
specific CD8" T cells in livers and spleens compared to WT
mice (Fig. 1B to D). In livers, lower frequencies were evident
for the relative SFC per million cells (Fig. 1B), as well as for
the total absolute number per liver (Fig. 1C). This reduction
was also observed for splenic (Fig. 1D) and particularly
strongly for hepatic (Fig. 1B and C) TNF-a-producing CD8" T
cells in the absence of Val4iNKT cells. However, taken to-
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FIG. 1. Prime-boost vaccination with FP9PbCSP/MVAPbCSP
(F/M) induces peptide Pb9-specific IFN-y-/TNF-a-producing CD8* T
cells, promoted by Val4iNKT cells. (A) Representative Pb9 tet-
ramer " /CD8"-T-cell population (gated first on lymphocytes and then
on TCRB™ cells) in the liver 14 days after intradermal vaccination of
BALB/c mice. The percentages of positive cells in each quadrant are
displayed above FACS analysis profiles. (B to D) IFN-y-producing (m)
and TNF-a-producing () peptide Pb9-specific CD8" T cells in the
livers (B and C) and spleens (D) of BALB/c WT mice in comparison
with Va14iNKT-cell-deficient Ja18 '~ BALB/c mice (n = 4/group).
SFC/million lymphocytes (B and D) and total SFC per liver (C) were
detected by IFN-y and TNF-a ELISPOT assays 20 days after F/M
vaccination. Means = the standard error of the mean (SEM) are
shown; the statistical significance was determined by using the Student
ttest (% %, P < 0.01; %, P < 0.05). The results of one representative
experiment out of two performed are shown. (E) ICS of CD8*/CD3*
Pb9-stimulated pooled (n = 2) hepatic lymphocytes and splenocytes
from WT mice 40 days after vaccination. The absolute numbers of
positive cells per million lymphocytes are shown for the respective
quadrants, as calculated from the events (gated on CD8"/CD3™") for
the absolute numbers of CD8" T cells in one million lymphocytes
(according gated percentages of CD8"' T cells from all lymphocytes)
are given below the FACS analysis profiles. (F) ICS isotype control dot
plots for IFN-y/TNF-«a (rat IgG2a) and CD8 (rat IgG1) from hepatic
MNC from pooled WT mice 25 days after F/M vaccination (n = 2) and
for protected vaccinated WT mice (see Fig. SD) 9 days after sporozoite
challenge, at 40 days postvaccination (n = 2). The percentages of
positive cells are shown for the respective quadrants.
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gether, approximately 500 and 1,000 SFC/million lymphocytes
were still induced in the liver and spleen, respectively. Further,
in F/M-vaccinated Ja18 /" mice, similar to WT mice, no IL-
4-producing CD8™" T cells were detected by peptide Pb9 ELI-
SPOT assays in the liver or spleen above low naive background
levels (data not shown).

Prime-boost poxvirus vaccination activates a-GalCer re-
sponsive Val4iNKT cells and NK cells in the liver. Since
Val14iNKT cells promoted vaccine-induced CD8* T cells in
the absence of aGalCer, we tested whether attenuated poxvi-
ruses themselves exerted nonspecific influence on the hepatic
and splenic populations of Val4/NKT and NK cells after in-
tradermal vaccination. To this end, we analyzed cell numbers
and Val4iNKT cell cytokine production. The frequencies of
hepatic CD1d/a-GalCer tetramer/TCRB" Val4iNKT cells
(percentage of all TCRB™ cells) were reduced 14 and 20 to
25 days, but not 30 days, after the boost compared to naive
mice (Fig. 2A and B). This reduction was also observed after
administration of the non-CSP-expressing virus constructs
(FP9lacZ/MVAlacZ) (Fig. 2A) and 14 days after single immu-
nizations (data not shown). Splenic Va14iNKT cells were not
affected (data not shown). CD1d/a-GalCer tetramer™/TCRB™
Val4iNKT cells were CD8 (Fig. 2B). DX5/CD3~ NK cell
frequencies were similarly reduced in the liver 14 and 25 days
postvaccination (Fig. 2C), but not in spleens (3 to 5% of lym-
phocytes [data not shown]).

Upon ex vivo stimulation with a-GalCer in ELISPOT assays,
we found that hepatic Val4iNKT cells were activated to pro-
duce IL-4 and IFN-y within 25 days after F/M vaccination (Fig.
2D and E). The frequency of IL-4-producing liver Va14iNKT
cells was increased twofold (Fig. 2D), and that of IFN-y pro-
ducers was increased fivefold (Fig. 2E) in comparison to naive
mice. Although the relative vaccine-induced activation of
IFN-y producers was more pronounced, IL-4-secreting liver
Val4iNKT cells greatly outnumbered IFN-y secretors in both
naive and immunized mice at a ratio of 75:1 and 30:1, respec-
tively. In clear contrast to the liver, IL-4- and IFN-y-producing
a-GalCer responsive Val4iNKT cells were much less frequent
in the spleens of naive mice and not enhanced by vaccination.
Splenic IL-4 producers were even reduced 25 days postvacci-
nation, but they also outnumbered IFN-y secretors in naive
mice (90:1) and less so in immunized mice (20:1). At 34 days
postvaccination, the cytokine production of hepatic Val4iNKT
cells had returned to naive levels (Fig. 2D and E).

Va14iNKT cells do not improve, but partially diminish, pro-
tection rates after sporozoite challenge. F/M-vaccinated WT
and Va14iNKT-cell-deficient Ja18 '~ mice were challenged
with P. berghei sporozoites in order to evaluate whether such
differences in the magnitude of specific T-cell responses be-
tween the strains and the absence or presence of poxvirus-
activated Va14iNKT cells affected protection rates. Challenges
were performed 10, 20, and 40 days after vaccination to test the
influence of short-lived vaccine-activated Val4iNKT cells at
days 10 and 20 (Fig. 2A) or nonactivated Val4iNKT cells (day
30, Fig. 2A) on protection. After the first challenge at day 10,
WT and Ja18 /" mice were similarly protected at a rate of 80
to 90% with no difference in the time to parasitemia com-
pared to matched nonvaccinated controls (Fig. 3A). The pro-
tection rates dropped rapidly in both vaccinated strains to below
45% when challenged 20 days postimmunization (Fig. 3B). The
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FIG. 2. Systemic activation of Va14iNKT and NK cells in the livers
of BALB/c mice by intradermal F/M vaccination. (A) Hepatic CD1d/
a-GalCer tetramer"/TCRB" Val4iNKT cell frequencies (gated as
shown in panel B) by FACS analysis 14 days (D14) to 30 days after
vaccination with the malaria vaccines or with empty control viruses
(FP9lacZ/MVAlacZ). Pooled data from eight experiments, each in-
cluding naive mice (n = 3 to 4/group) are presented. (B) Representa-
tive FACS dot plots of Val4iNKT cells on day 25 after F/M vaccina-
tion from panel A, with the percentages of positive cells displayed in
quadrants. Gating first on lymphocytes (R1, upper dot plot) yielded
CD1d/a-GalCer tetramer"/TCRB™ cells (Va14iNKT cells) in the up-
per right quadrant (middle dot plot). Val4iNKT cell frequencies in
panel A are calculated as a percentage of these double tetramer™/
TCRB™ cells from the sum of all TCRB™ cells (upper and lower right
quadrant, middle dot plot). A second gating on all TCRB™" cells (R2,
middle dot plot) demonstrates tetramer™ cells to be CD8™ (lower dot
plot). (C) Hepatic NK cell frequencies before and after vaccination as
in panel A, as determined by FACS analysis. (D and E) Hepatic (m)
and splenic (E) ex vivo IL-4 (D) and IFN-y (E) Val4iNKT-cell re-
sponses to a-GalCer, as measured by ELISPOT assay, from naive mice
and mice 25 and 34 days after F/M vaccination (n = 4/group). The
results from one representative experiment out of two performed are
shown. Results are means * the SEM; statistical analysis was done as
described for Fig. 1.
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level of protection was still significantly higher in vaccinated
than in nonvaccinated Ja18 '~ mice but not in WT mice.
Protection rates also declined to below 45% after rechallenge
at day 40 in mice of both strains previously protected by vac-
cination and were better in vaccinated Ja18 '~ mice compared
to pooled nonvaccinated KO controls (Fig. 3C).
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FIG. 3. Protection rates after sporozoite challenge of vaccinated
BALB/c WT (m) and Va14iNKT-cell-deficient Ja18 7/~ (OJ) mice. (A)
Challenge 10 days after F/M immunization or infection of nonimmu-
nized control BALB/c WT (@) and Ja18/~ (O) mice by intravenous
injection of 1,000 live sporozoites (n = 15 [m], 17 [(J], 8 [@], or 6 [O]).
ClIs significant for comparison of immunized versus control mice were
as follows: WT mice (39.2 to 92.5%) and Ja18 '~ mice (30.8 to 90.4%).
(B) Challenge 20 days after immunization. Data were pooled from two
experiments (n = 6 [m], 7 [(], 6 [@], or 9 [O]). The CI values were
significant only for immunized versus control Ja18 /" mice (2.5 to
75%). (C) Rechallenge of some of the mice, which were protected in
panel A, at day 40 postimmunization (» = 10 [m], 9 [[J], 4 [@], or 3
[O]); there was a significant difference between vaccinated animals and
nine pooled KO controls (5.1 to 73.3%). Parasitemia was monitored by
peripheral blood films; protected mice were negative on day 13.

Kinetics of vaccine-induced hepatic IFN-y* CD8* T cells
correlate with TNF-a* CD8* T cells in response to sporozoite
challenge and are influenced by Val4iNKT cells. Next, we
tested whether hepatic IFN-y- and TNF-a-producing CD8" T
cells responded to sporozoite challenge after vaccination de-
pendent on Val4iNKT cells. In both WT and Va14iNKT-cell-
deficient Ja18 /" mice the kinetics of IFN-y-producing CD8™
T cells were similar to those of TNF-a producers in the early
(day 1) and late (day 9) response to challenge, but were dif-
ferent between the strains, and were therefore influenced by
Val4iNKT cells (Fig. 4). In Val4iNKT cell-deficient mice,
hepatic TNF-a producers exceeded IFN-y producers before
(Fig. 1B and C) and after challenge (Fig. 4C), peaked 1 day
after challenge at around 500 to 1,000 SFC/million, and de-
clined to a level similar to that of WT mice after 1 week (Fig.
4A and B). The kinetics were different in WT mice because the
levels of hepatic (Fig. 4A and B) and splenic (data not shown)
IFN-vy-secreting (Fig. 4A) and TNF-o-secreting (Fig. 4B)
CD8™ T cells markedly declined within 1 week; in some livers
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this occurred within 1 day after challenge. This reduction also
implied a relative shift toward IFN-y production (Fig. 4C). In
the spleens, prechallenge differences (Fig. 1D) between WT
and KO mice disappeared (Fig. 4D), but no significant reduc-
tion and therefore redistribution of these CD8™ T cells to the
liver occurred.

Hepatic pre-erythrocytic-stage antigen-specific IFN-y and
TNF-a CD8* T-cell responses are stronger in protected than
parasitemic mice. Since the kinetics of both IFN-y and TNF-
a-producers altered with challenge, we further investigated
how this related to protection and patency. After challenge,
lymphocytes infiltrated the liver (Fig. SA), particularly strongly
with patent infection in WT and Val4iNKT-cell-deficient
Ja187/~ mice (Fig. 5B). This influx was associated with in-
creasing TNF-a™* and decreasing IFN-y"/CD8"-T-cell num-
bers in mice with delayed parasitemia (partial protection) and
was associated with the reverse in unprotected mice (Fig. 5C).
At 13 days postchallenge IFN-y*/CD8™ T cells predominated
irrespective of protection status (Fig. 5D). Vaccination-in-
duced double-positive (IFN-y*"/TNF-a™) CD8"* T cells were
particularly enhanced—in absolute number and frequency—in
livers of fully protected rechallenged WT mice (Fig. 5D; 2,481
versus 122), as well as Ja18~/~ mice, compared to parasitemic
mice (Fig. 5E; 2,298 versus 84) and compared to postvaccina-
tion levels (Fig. 1A and Fig. 5D; 2,481 versus 1,180 CD8* T
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FIG. 4. Different kinetics of hepatic IFN-y- and TNF-a-produc-
ing CD8" T cells in vaccinated BALB/c WT (m) and vaccinated
Va14iNKT-cell-deficient Ja18 ™/~ (Z) mice after sporozoite challenge.
(A and B) Peptide Pb9-specific CD8"-T-cell responses were measured
20 days after F/M immunization before challenge (day 0 [DO0]) and 1
and 9 days after challenge (n = 4) in IFN-y (A) and TNF-a (B) ELI-
SPOT assays. (C and D) Comparison between these IFN-y and TNF-a
responses in the liver (C) and spleen (D) 1 day after challenge. The re-
sults in panels A and B include some data from Fig. 2. Values are
means * the SEM; statistical analysis was done as in Fig. 1. The results
for one representative experiment out of two performed are shown.
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FIG. 5. Protection is associated with stronger hepatic peptide Pb9-specific IFN-y and TNF-a CD8"-T-cell responses and weaker liver
lymphocytosis than patent infection. (A) Absolute liver lymphocyte frequencies before (day 0 [DO]) and at days 1 and 9 days postchallenge of
BALB/c WT and Ja18 /" mice (n = 4); challenge was performed 20 days after F/M vaccination. (B) Samples from panel A (day 9), separated into
protected (p., n = 2) and unprotected (n.-p., » = 2) mice, including a delay in time to parasitemia as partial protection. (C) Examples of absolute
peptide Pb9-specific liver ELISPOT responses at day 9 in WT mice from panel B, including a 2-day delay until day 8, with a read-out on the second
parasitemic day, day 9. Means * the SEM are shown; statistical analysis was done as in Fig. 1. (D and E) Pb9-stimulated pooled hepatic MNC
from protected (n = 4, upper row) and unprotected (n = 4, bottom row) WT (D) and Ja18 '~ (E) mice 13 days after rechallenge (rechallenge
was performed at day 40 postvaccination). Absolute positive cells per million lymphocytes in the respective quadrants, calculated with percentages
of gated CD8"/CD3" and CD8 /CD3" subpopulations, are demonstrated below the FACS analysis profiles.

cells). These cells accounted for 30% of CD8™ T cells, whereas
60% produced IFN-y and 10% produced TNF-«a alone (Fig.
5D). Such populations of double-positive T cells were also
observed in protected mice 9 days after one challenge (data not
shown). After 1 week of parasitemia, the absolute number of
single and double cytokine-producing CD8" T cells was
strongly reduced and, of those, only 7% expressed both cyto-
kines, 77% expressed IFN-y alone, and 17% expressed TNF-a
alone (Fig. 5D). These data show that double-positive TNF-
a/IFN-y™ CD8™" T cells in the liver were more strongly as-
sociated with protection than single-positive IFN-y* (OR =
6.56, P < 0.01) or TNF-a™ CD8" T cells (OR = 6.11; P <
0.01). The same association was observed in Ja18 '~ mice with
lower frequencies of double IFN-y*/TNF-a™ cells for total
lymphocytes than CD3"/CD8" or CD3"/CD8™ T cells (Fig.
5E). The spleens of KO mice contained very few double-pos-
itive [IFN-y*/TNF-a* CD8™" T cells after challenge, and in WT
spleens they were decreased from postvaccination levels (Fig.

1E) independent of the protection status (data not shown).
Furthermore, the livers of protected KO mice contained more
single TNF-a™ and IFN-y* CD8* T cells than those of pro-
tected WT mice (Fig. 5D and E).

Furthermore, nonspecific hepatic background production of
IFN-y and TNF-« was detected in ELISPOT assays and ICS in
all infected, but particularly in protected mice, more in KO
than in WT mice, when the total absolute frequencies were
compared. Most of it derived from CD3~ lymphocytes and
some CD8™ T cells (Fig. 5D and E).

ICS isotype controls of hepatic MNC from protected mice
showed very low or no nonspecific staining of the cytokines (rat
IgG1l), CDS8 (rat IgG2a) (Fig. 1F), or CD3 (hamster I1gG1)
(data not shown).

Sporozoite challenge affects hepatic Va14iNKT cells and
NK cells. Since non-T-cell-related cytokine expression was
pronounced in protected mice, we examined whether chal-
lenge influenced Val4iNKT cells or NK cells. Significantly
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FIG. 6. Sporozoite challenge shifts the cytokine production of
Val4iNKT cells and influences NK cells in the liver. (A and B) IFN-y
(A) and IL-4 (B) Va14iNKT cell responses to a-GalCer, measured by
ELISPOT assay, in the livers (m) and spleens (Z) of BALB/c WT mice,
F/M vaccinated on day 25 (D25) and examined on days 1 and 6 after
challenge (n = 4). This is the same experiment as in Fig. 1. (C and D)
NK cell frequencies, as determined by FACS analysis, in the livers and
spleens of WT (C) and Ja18/~ (D) mice. Mice were challenged 25
or 30 days after vaccination, or nonvaccinated mice were examined be-
fore infection (day 0, n = 8) or 1, 6, or 8 days postinfection (n = 4).
Means = the SEM are shown; statistical analysis was performed as in
Fig. 1. Results from a representative experiment out of two performed
are shown.

more hepatic Val4iNKT cells secreted IFN-y 6 days after
challenge compared to 1 day after challenge and compared
to mice that were vaccinated but not challenged (Fig. 6A) or
to naive WT mice (Fig. 2E). At the same time, hepatic IL-4-
producing Val4iNKT cells decreased from a ratio of 30:1
(300,000:10,000) at 1 day postchallenge to 10:1 (200,000:
20,000) at 6 days (Fig. 6B). The total numbers of hepatic
CD1d tetramer/a-GalCer™ or IL-4/IFN-y-expressing splenic
Val4iNKT cells were not affected (data not shown). Con-
comitantly, DX5"/CD3~ NK cells increased twofold in liv-
ers and conversely declined in spleens 6 days after challenge in
vaccinated WT and Val4iNKT-cell-deficient Ja18 7/~ mice,
findings equal to those observed in naive infected mice. More NK
cells appeared in the livers of naive and vaccinated Ja18 '~ mice
than in those of WT mice at the first day postchallenge (P =
0.023 and 0.001, respectively). In contrast to WT mice (Fig. 2C
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and 6C), immunization did not reduce the numbers of hepatic
NK cells in Va14iNKT-cell-deficient mice (Fig. 6D).

In summary, infection induced a Thl-directed shift of cyto-
kine-producing Va14iNKT cells. Immunization and challenge
affected NK cells differently in the absence or presence of
Val4iNKT cells.

DISCUSSION

Recently, glycolipid-activated Val4iNKT cells have been
reported to play an adjuvant-like role in enhancing certain
types of vaccination against liver-stage malaria (19), but it is
unclear whether recombinant vaccines alone affect Va1l4iNKT
cells. There are very few kinetic studies of innate, non-mac-
rophage-related responses after vaccination. For example, the
killed influenza vaccine and combined mumps-measles-rubella
vaccine enhance NK cell activity for 2 to 30 days (38, 41). The
present study demonstrates that intradermal prime-boost vac-
cination with the attenuated, nonreplicating recombinant pox-
viruses FPO/MVAPDbCSP systemically activates the already
prevailing IL-4, as well as IFN-y production of hepatic, but not
splenic, Val4iNKT cells in BALB/c mice and induces a tem-
porary reduction in frequencies of Val4iNKT and NK cells.
The main mechanism for this reduction may be activation-
induced cell death because hepatic Val4iNKT cells, and in
turn transactivated NK cells, are particularly prone to this, e.g.,
after in vivo stimulation with a-GalCer (37). In comparison, we
found a longer and a-GalCer-independent activation of both
populations ex vivo in response to aGalCer for approximately
25 days after immunization. This activation by aGalCer in
ELISPOT assays (19) is unlikely to involve bystander activa-
tion of CD8" or CD4™ T cells because aGalCer cannot indi-
rectly stimulate more hepatic CD8" T cells than peptide Pb9
itself (ca. 10,000 versus 1,000 SFC), a possibility also countered
by the low numbers in CD8*/CD4™ T-cell- and NK-cell-rich
spleens. Bystander activation was also not observed in a similar
malaria vaccination model with nonseparated peptide-stimu-
lated cells (9). Further, we detected no peptide Pb9-specific
vaccine-induced IL-4-producing CD8" T cells in the liver or
spleen. Interestingly, IL-4-producing T cells predominate in
human blood 14 days after subcutaneous measles virus vacci-
nation (47), and repeated in vivo administrations of a-GalCer
polarize splenic Val4iNKT cells toward IL-4 (6). Here, two
consecutive poxvirus vaccinations induced a proportional, but
not a complete, Thl shift in the liver because IL-4-producing
Val4iNKT cells prevailed. This supports the concept of the
liver as a Th2-driving environment (10, 27) and might be rel-
evant for vaccine design and studies with multiple poxvirus
booster immunizations at short intervals, which have occasion-
ally revealed reduced vaccine efficacy (3).

We assessed whether such activated Val4iNKT cells and
their absence in Ja18 '~ mice could influence vaccine im-
munogenicity and protection. Nonactivated Va14iNKT cells
have no effect on sporozoite-induced memory responses, while
a-GalCer-activated Val4iNKT cells enhance protection medi-
ated by IFN-y CD8" T-cell memory responses to recombinant
Sindbis virus, adenovirus, and irradiated sporozoite malaria
liver-stage vaccines (19). Our findings extend these data by
demonstrating that not only IFN-y-secreting but also TNF-a-
secreting CSP (peptide Pb9)-specific CD8" T cells were in-
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creased in the spleen and more so in the liver in a synergistic
manner by Val4iNKT cells independently of a-GalCer, be-
cause both were reduced in poxvirus-vaccinated Ja18~/~ mice
compared to WT mice. Sufficient backcrossing of the KO mice
excludes the possibility that CD8*-T-cell numbers were influ-
enced by differences in the genetic backgrounds of the lines
(14). We propose that vaccine-activated IFN-y- and IL-4-pro-
ducing Va14iNKT cells are responsible for this intrinsic adju-
vant effect of poxvirus vaccines. IFN-y and IL-4 can promote
the generation of antigen-specific Thl cells (8, 17, 22). Inter-
estingly, levels of IL-4-secreting peripheral blood CD4* T cells
increase after each vaccination with attenuated sporozoites in
volunteers, who show sustained protection (28).

As for protection, the overall protection rates after vaccina-
tion (vaccine efficacy) were lower here than in previous studies
(45) using the intradermal route, which is currently used in
most clinical trials. The intradermal route, as well as improved
sporozoite isolation and infectivity, may contribute to this.
However, the main efficacy results were that Val4iNKT-cell-
deficient and WT mice were similarly well protected to 90% at
the earliest time point after vaccination, but at the later time
points protection waned in >50% of mice of both strains, but
vaccinated KO appeared to be better protected than vacci-
nated WT mice. This indicates, first, that nonspecific protective
effects mediated by virus-activated Val4iNKT cells can be
ruled out. Parallel studies by our laboratory show that empty
control viruses do not protect mice (3, 45), which also excludes
such effects. Second, the intrinsic adjuvant effect of attenuated
poxviruses mediated by Val4iNKT cells is not strong enough
to improve protection in WT mice despite an enlarged memory
T-cell pool 3 weeks after vaccination, in contrast to a-GalCer-
adjuvanted immunization (19). This supports other previous
studies showing a dispensable physiological role of Va14iNKT
cells in protection against liver-stage malaria (18, 39, 43). The
slightly better protection of KO mice might be due to the
absence of IL-4-producing Va14iNKT cells, promoting a Thl-
polarized liver environment, indicated by higher numbers of
NK cells as well as of CD8" T and CD3~ cells expressing
IFN-y or TNF-« intracellularly. In line with this, a shift toward
protective IFN-vy responses in the liver occurs in naive infected
IL-4 KO or IL-4 receptor KO BALB/c mice (40).

These results support the current view that IFN-y-secreting
CD8" (and CD4") T cells are the best-defined correlate of
protection against liver-stage malaria. Furthermore, this is the
first report of the induction of pre-erythrocytic-stage antigen-
specific TNF-a-producing CD8* T cells in the liver by vacci-
nation, detected by ELISPOT assay and ICS in both liver and
spleen. This induction is specific because vaccination with the
empty control viruses does not yield peptide Pb9-specific cy-
tokine producers (3), as also supported by the negative test
controls. One previous study reports intracellularly stained
TNF-a in splenic CD8" memory T cells induced by malaria
DNA recombinant vaccinia virus vaccines (46). TNF-a-pro-
ducing antigen-specific CD8" T cells have mainly been de-
scribed for bacterial and viral infections (21, 48). Here, TNF-
a-producing CD8" T cells correlated with IFN-y secretors
after vaccination and in the early and late response to sporo-
zoite challenge. Further, CD9* T cells that produce both
IFN-y and TNF-a were associated with vaccine-induced pro-
tection, since they accumulated in greater numbers in livers of
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protected WT and Val4iNKT-cell-deficient mice compared to
unprotected mice and to postvaccination levels. Blood-stage
parasites, accumulating in the livers of parasitemic mice, could
conceivably account for the reduction in unprotected mice, due
to some cross-reactivity with CSP (1) and the death of acti-
vated liver lymphocytes (10), but not for the shifts observed 1
day after challenge and in protected versus vaccinated mice.
Therefore, we suggest that double-expressing, as well as single-
expressing, T-cell populations should be further investigated as
possible correlates of protection for liver-stage malaria. How-
ever, further studies are needed to prove their protective role.
Interestingly, such IFN-y*/TNF-a™ liver-stage-specific T cells
were recently found to be enhanced in the blood of protected,
vaccinated volunteers (S. Korten et al., unpublished data).
Local intrahepatic memory CD8™ T cells are thought to be
most relevant for protection against liver-stage malaria (4).
The protective threshold levels for antigen-specific hepatic
CD8™" T cells that we present here are novel and might be
helpful for further vaccine studies. For BALB/c WT spleens,
the estimated level for protection is ca. 500 IFN-y-secreting
SFC/million splenocytes, which are specific for one peptide
(44). Our data suggest a protective hepatic threshold level of
500 SFC/million lymphocytes specific for peptide Pb9 because
this level was also achieved here in livers of KO mice for both
cytokines together after immunization and for each cytokine 1
day after challenge of immunized KO mice. Infectious sporo-
zoites induce a peak reactivity of hepatic effector memory
CD8™ T cells within 1 to 6 h, whereas hepatic central memory
CD8™" T cells are conscripted into effectors with some delay
(4). This might apply to the different postchallenge kinetics of
hepatic CD8" T cells in WT and Val4iNKT-cell-deficient
mice. The livers of WT mice might have contained a greater
effector CD8"-T-cell pool, that quickly responds and contracts
1 day after challenge, whereas in KO mice central memory
CD8™ T cells had to be conscripted into effectors and there-
fore peaked 1 day after challenge. Splenic memory T cells were
not significantly redistributed to the liver early after challenge,
suggesting that hepatic memory T cells were the main effectors.
Later redistributions from the spleen would have no protective
effect, since CSP is not newly expressed by hepatic stages (5).
Second, in the presence of Val4iNKT cells, which rapidly
activate NK cells (7), the cytokine cascade might be more
potent and activate protective effector CD8" T cells faster.
In conclusion, maximizing local hepatic or splenic memory
CD8"-T-cell pools specific for one antigen alone does not
automatically improve protection. Higher levels of IFN-y pro-
ducers can protect better, but this was shown for total, not
single peptide specific, effector memory IFN-y-producing
CD8"-T-cell pools after vaccination with gamma-irradiated
sporozoites (4). Therefore, our findings may prove generally
valuable for evaluating vaccine efficacy and designing more
effective vaccines against pre-erythrocytic-stage malaria.
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