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We have previously shown that hepatitis B virus (HBV) replication is abolished in the liver of
HBV transgenic mice by inflammatory cytokines induced by HBV-specific cytotoxic T cells
and during unrelated viral infections of the liver. We now report that intrahepatic HBV replication is also inhibited in mice infected by the malaria species Plasmodium yoelii 17X NL. P.
yoelii infection triggers an intrahepatic inflammatory response characterized by the influx of
natural killer cells, macrophages, and T cells. During this process, interferon (IFN)-␥ and IFN␣/␤ suppress HBV gene expression and replication in the liver. Collectively, the data suggest
that malaria infection might influence the course and pathogenesis of HBV infection in coinfected humans.
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Introduction
The hepatitis B virus (HBV)1 is a noncytopathic, enveloped
virus that causes acute and chronic hepatitis and hepatocellular carcinoma (1). Viral clearance and liver disease during
acute HBV infection are associated with a strong, polyclonal, and multispecific CTL response, which is weak or
not detectable in patients with chronic hepatitis (1). We
have reported previously that IFN-␥ produced by hepatitis
B surface antigen–specific CTLs is sufficient to inhibit
HBV replication in the liver of HBV transgenic mice (2–
4), and that this process is mediated by nitric oxide (NO)
(5). We have also demonstrated that HBV replication can
be abolished in these mice in response to inflammatory cytokines, especially IFN-␣/␤ and IFN-␥ that are produced
in the liver during lymphocytic choriomeningitis virus (2,
6), murine cytomegalovirus, and adenovirus (2, 7) infections. Moreover, we have recently shown that similar cytokine-dependent, noncytopathic antiviral mechanisms can
contribute to viral clearance during acute viral hepatitis in
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chimpanzees by purging HBV replicative intermediates
from the cytoplasm and covalently closed circular viral
DNA from the nucleus of infected cells (8). The current
study was performed to see if a similar antiviral process is
induced during Plasmodium yoelii infection in HBV transgenic mice, since malaria and HBV coinfection is common
in many parts of the world.
Malaria is initiated by 1–10 sporozoites injected into the
host by a female anopheles mosquito. After a short time in
the circulation, each sporozoite infects a hepatocyte within
which they proliferate and develop into the liver stages of
the plasmodial life cycle (9, 10). Eventually, the infected
hepatocytes rupture, releasing hundreds of merozoites that
infect RBCs and initiate the blood stage of the infection
that rapidly spreads and can destroy up to 50% of the RBCs
before the infection is controlled by the immune response
(11). Because merozoites do not infect hepatocytes, the infection is usually self-limited if the blood stage is controlled.
The hepatic and blood stages of malaria are controlled by
Abs, macrophages, and cytokines (12–17) including IFN-␥
via the induction of NO, TNF-␣, IL-1, and IL-6 (18–22).
Th1 and Th2 responses are induced during the blood stage
infection, and the balance between these two subsets plays
a vital role in the outcome of the infection, with a Th1 response appearing to be essential for elimination of the parasites (23–26). The hepatic stage of the infection is also controlled by CTLs (14–16).
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Materials and Methods
Mice. HBV transgenic mouse lineages 1.3.32 and 1.3.46 used
in this study have been described previously (35). Both lineages of
mice replicate HBV at high levels in the liver and kidney without
any evidence of cytopathology. Lineage 1.3.32 was derived from
an outbred founder. It was expanded by repetitive backcrossing
for more than 10 generations against C57BL/6, and then bred 1
generation against BALB/c mice to produce F1 hybrids that were
used in this study. Lineage 1.3.46 was derived from an inbred
B10D2 founder and has been continually expanded on that background. In the current study, lineage 1.3.46 was backcrossed
against a panel of mice whose IFN-␥ (IFN-␥⫺/⫺) (36), IFN-␣/␤
receptor (IFN-␣/␤R⫺/⫺) (37), TNF-␣p55 receptor (TNF-␣R⫺/⫺)
(38), or inducible nitric oxide synthase (iNOS) (iNOS⫺/⫺)
(39) alleles had been knocked out, exactly as described (2, 5).
The IFN-␥⫺/⫺ and IFN-␣/␤R⫺/⫺ mice were provided, respectively, by Timothy Stewart and Michel Aguet (Genentech, Inc.,
South San Francisco, CA). The TNF-␣R⫺/⫺ mice were provided by Tak Mak (University of Toronto, Ontario, Canada).
The iNOS⫺/⫺ mice were provided by John Mudgett (Merck Research Laboratories, Rahway, NJ) and John MacMicking and
Carl Nathan (Cornell University Medical College, New York,
NY). The genetic background of the original knockout animals
was 129/Sv/Ev/ ⫻ C57BL/6. Before mating with the HBV
transgenic mice, the IFN-␥⫺/⫺ mice had been backcrossed four
to five generations against BALB/c and the IFN-␣/␤R⫺/⫺, and
the TNF-␣R⫺/⫺ and iNOS⫺/⫺ mice had been backcrossed more
than five generations against C57BL/6. The serum from the
1.3.46 ⫻ knockout F1 progeny was tested for hepatitis B e antigen (HBeAg)-positive using a commercially available kit (Abbott
Laboratories). HBeAg-positive F1 mice were backcrossed to the
corresponding parental knockout lineage to produce HBeAgpositive F2 progeny that were either homozygous or heterozygous for the null allele that was distinguishable by allele-specific
PCR reactions, as described previously (36–39). Thus, the HBV ⫻
knockout animals were genetically heterogeneous with variable
contributions from BALB/c, B10D2, and C57BL/6 parental
strains. In all experiments, the mice were matched for age (8 wk),
sex (male), and serum HBeAg levels before experimental manip-
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ulation. All animals were housed in pathogen-free rooms under
strict barrier conditions.
P. yoelii Infection. The P. yoelii yoelii (17X NL nonlethal
strain) was maintained by alternating passage of the parasites in
Anopheles stephensi mosquitoes and in B10.D2 mice, as described
previously (40, 41). Sporozoites were collected 14 d after an infectious blood meal by hand dissection of P. yoelii 17 XNL–infected
mosquito salivary glands in M199 medium containing 1% normal
mouse serum (Rockland, Inc.) as described previously (42).
Erythrocytic stage parasites were obtained from heparinized blood
of a previously sporozoite-infected mouse, and maintained by cyclic passages of the parasites in congenic mice, as described previously (43). The parasitized RBCs were collected in equal volume
of HBSS (GIBCO BRL) plus 20% glycerol (Sigma-Aldrich) plus
100 U/ml heparin (Sigma-Aldrich), and kept in liquid nitrogen.
Mice were injected either intravenously with 106 sporozoites or
intraperitoneally with 107 parasitized RBCs. Control mice were
injected either with an extract of uninfected salivary glands or
with uninfected RBCs, respectively. Animals were killed at multiple time points after infection, and their livers were harvested for
histological, immunohistochemical, and histochemical analyses
(see below), or they were snap frozen in liquid nitrogen and stored
at –80⬚C for subsequent DNA and RNA analyses. Parasitemia was
determined by microscopic examination of Giemsa-stained thin
blood smears, obtained from days 1–30 after inoculation.
Tissue DNA and RNA Analyses. Frozen liver (left lobe) was
mechanically pulverized under liquid nitrogen, and total genomic
DNA and RNA were isolated for Southern and Northern blot
analyses exactly as described previously (35). Nylon membranes
were analyzed for HBV DNA, HBV RNA, glyceraldehyde-3phosphate dehydrogenase (GAPDH), and 2⬘5⬘-oligoadenylate
synthetase (2⬘5⬘-OAS) as described elsewhere (4). Quantification
of iNOS, cytokine, T lymphocyte, and macrophage and neutrophil marker mRNAs was performed by RNase Protection assay
exactly as described previously (4, 8, 44). A fragment (nucleotides
124–368) from the mNK1.1 cDNA (Genbank accession number
S43141) was subcloned into a PGEM-T Easy vector (Promega)
using PCR-assisted cloning (44). The vector was linearized and
used for T7 polymerase–directed synthesis of a 32P-labeled antisense RNA probe. The hybridization reactions, RNase treatments, isolations of protected RNA duplexes, and resolution of
protected probes by denaturing PAGE gels were carried out as
described (44). Dried gels were placed on film (XAR; Eastman
Kodak Co.) with intensifying screens for various periods of time
at ⫺70⬚C.
Biochemical and Histological Analysis. The extent of hepatocellular injury during malaria infection was monitored histologically
and biochemically by measuring serum alanine aminotransferase
(sALT) activity at multiple time points after infection. sALT activity was measured in a Paramax chemical analyzer (Baxter Diagnostics, Inc.) exactly as described previously (4). For histological analysis, liver tissue was fixed in 10% zinc-buffered formalin
(Anatech), embedded in paraffin, sectioned (3 m), and stained
with hematoxylin and eosin.

Results and Discussion
P. yoelii Infection: Parasitemia and Liver Disease in HBV
Transgenic Mice. 21 age-, sex-, and serum HBeAgmatched transgenic mice from lineage 1.3.32 were infected
either intravenously with 106 P. yoelii sporozoites (liver
stage), or intraperitoneally with 107 parasitized RBCs
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While coinfection by HBV and malaria is a major public
health problem in large areas of the world, the mutual interactions between the two pathogens are poorly understood. Because inflammatory cytokines are induced during
malaria and contribute to its control, it is possible that the
same cytokines could interfere with HBV replication in the
liver in coinfected individuals. Indeed, high levels of TNF-␣,
IFN-␥, and IL-6 are detectable in the blood of malaria patients and in the spleen and liver in rodent models of malaria (11, 27–32). Furthermore, parasitized RBCs are cleared
by resident hepatic and splenic macrophages (33, 34) that
can not only secrete antiviral cytokines but also function as
antigen presenting cells, and produce chemokines that lead
to recruitment of T cells that can secrete their own salvo of
antiviral cytokines in the infected liver.
Since inflammatory cytokines are known to suppress
HBV replication in HBV transgenic mice (3), we predicted
that HBV replication in these animals might be inhibited
during P. yoelii infection. This study was performed to test
that prediction.

(blood stage), and groups of three mice were killed on days
1, 3, 5, 10, 15, and 20 after infection. Control mice were
injected with either uninfected salivary glands or uninfected
RBCs. The infected animals developed a time-dependent
necroinflammatory liver disease that was detectable histologically starting 1 d after infection and lasted for 10–15 d
until the parasites were no longer detectable in the blood
on day 20 (Fig. 1 A). In keeping with the fact that 106
sporozoites cannot infect more than 106 hepatocytes (1% of
the hepatocyte population) and that the blood stage parasites do not infect hepatocytes, very few hepatocytes were
destroyed during the infection. This was reflected in the
very slight elevation in serum sALT activity that was detectable between days 3 and 10 after liver stage inoculation,
and the even smaller sALT elevation between days 1 and 3
after blood stage inoculation (Fig. 1 A). At the peak of parasitemia in both types of infection (day 10), many of the
hepatic macrophages (Kupffer cells) were filled with malaria
pigment derived from ruptured infected erythrocytes, and
at this time a large number of inflammatory foci consisting
531
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of Kupffer cells and lymphomononuclear cells were widely
distributed throughout the liver (Fig. 1, B and C). Numerous pigment-laden macrophages surrounded by lymphomononuclear cells were present (Fig. 1 C, inset). The histological features of the disease are strikingly similar in both
the sporozoite and merozoite infections, suggesting that the
inflammatory process in the sporozoite-infected animals
was probably due primarily to the blood stage of that infection, although small numbers (ⵑ106 or ⵑ1% of total) of
hepatocytes were destroyed by the sporozoites in the liver
stage infection, as suggested by the slightly higher sALT activity in that infection (Fig. 1 A). Finally, the histopathological features of the liver disease during either the liver or the
blood stage of infection were not influenced by the genetic
background of the animals, since in independent experiments we showed very similar results after malaria infection
of C57BL/6, B10.D2, and BALB/c mice (not shown).
P. yoelii Infection: Effect on HBV Gene Expression and Replication. Northern and Southern blot analyses were performed to compare the levels of HBV RNA and replicative
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Figure 1. Parasitemia and liver disease after P. yoelii infection of HBV transgenic mice. Age-, sex-, and serum HBeAg-matched HBV transgenic mice (lineage 1.3.32) were injected either intravenously with 106 sporozoites (liver stage), or intraperitoneally with 107 parasitized RBCs (blood stage) of P. yoelii yoelii
strain 17X NL, and three mice per group were killed on days 1, 3, 5, 10, 15, and 20 after infection, as indicated. Control mice (time 0) were injected with
either uninfected salivary glands or uninfected RBCs. The mean percentage of blood parasitemia and the mean sALT activity (expressed in U/liter), measured at the time of autopsy, are indicated for each group of mice (A and C). Hematoxylin and eosin–stained liver sections (original magnification: ⫻400; bar,
25 m) from animals killed 10 d after either liver stage infection (B) or blood stage infection (D) was performed. Inset, original magnification: ⫻600; bar, 35
m. These experiments have been reproduced twice for the liver stage and three times for the blood stage with identical results. p.i., post infection.

HBV DNA forms in P. yoelii–infected mice and in age- and
sex-matched transgenic controls. After extraction, total hepatic RNA and DNA from three mice per group were
pooled for analysis. As shown in Fig. 2 (A and B), hepatic
HBV RNA and replicative DNA forms were slightly reduced on day 1 after liver stage infection while they were
unchanged at this time after blood stage infection. Correspondingly, 2⬘5⬘-OAS mRNA, a type 1 IFN-inducible
gene, TNF-␣ mRNA, iNOS mRNA, as well as the mac-
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Figure 2. P. yoelii infection inhibits hepatic HBV replication and induces the expression of cytokine genes and inflammatory-cell markers in
the liver. Age-, sex-, and serum HBeAg-matched HBV transgenic mice
(lineage 1.3.32) were injected either intravenously with 106 sporozoites
(liver stage) or intraperitoneally with 107 parasitized RBCs (blood stage)
of P. yoelii yoelii strain 17X NL, and livers were harvested from each of
three mice killed on days 1, 3, 5, 10, 15, and 20 after infection, as indicated. Control mice (time 0) were injected with either uninfected salivary
glands or uninfected RBCs. Northern blot analysis (A) was performed
with total liver RNA pooled from three mice in each group. The membrane was cohybridized with 32P-labeled HBV– and GAPDH–specific
DNA probes. The steady-state HBV and GAPDH mRNA content was
compared with total hepatic RNA from control mice. Bands corresponding to the 3.5- and 2.1-kb HBV mRNAs are indicated. Southern blot
analysis (B) was performed with 30 g of total liver DNA isolated from
the same pool of mice. All DNA samples were treated with RNase A before their concentrations were determined. Bands corresponding to the
integrated transgene and the relaxed circular (RC) and single-stranded
(SS) HBV DNA replicative forms are indicated. The integrated transgene
can be used to normalize the amount of DNA bound to the membrane.
The membrane was hybridized with a 32P-labeled HBV–specific DNA
probe. Total liver RNA from the same mice was analyzed by Northern
blot analysis for the expression of 2⬘5⬘-OAS (C), a marker of IFN-␣/␤
induction. The housekeeping enzyme GAPDH was used to normalize
the amount of RNA loaded in each lane, and its expression was uniform
in all mice (not shown). Total hepatic RNA from the same Plasmodiuminfected transgenic mice was also analyzed by RNase Protection (C) for
the expression of IFN-␥, TNF-␣, and iNOS transcripts, and for the expression of CD3␥, CD4, CD8, NK1.1, and F4/80, as indicated. The
mRNA encoding the ribosomal protein L32 was used to normalize the
amount of RNA loaded in each lane. These experiments have been reproduced twice for the liver stage and three times for the blood stage with
identical results.

rophage marker F4/80 were slightly induced in the liver
stage but not the blood stage infection, and IFN-␥, CD3,
CD4, CD8, and NK1.1 mRNAs were not increased (Fig.
2 C). These results indicate that macrophages are the likely
source of the IFN-␣/␤, TNF-␣, and iNOS detected on
day 1, especially since they are known to produce these
factors upon activation (45).
By day 3, hepatic HBV RNA and DNA were strongly
reduced in both liver stage and blood stage infected mice.
In the liver stage infection, this was accompanied by a
strong induction of IFN-␥ and iNOS mRNA and a slight
further increase in 2⬘5⬘-OAS and TNF-␣ mRNA even
though T cell markers were unchanged and NK cell markers were only slightly increased. In contrast, on day 3 of the
blood stage infection, IFN-␥ and iNOS mRNAs were
much less strongly induced than in the liver stage infection,
even though the T cell and macrophage markers were
more strongly induced. In addition, 2⬘5⬘-OAS and NK cell
mRNAs were relatively more abundant in these mice than
in the liver stage infection. The relatively strong induction
of IFN-␥ after liver stage infection suggests that the resident and/or recruited intrahepatic population of NK,
NKT, and T cells may have become activated to produce
the cytokines at this time. The induction of iNOS mRNA
suggests that the macrophages were further activated at this
time point, presumably due to the increased levels of IFN-␥
in the liver.
On day 5 after both infections, HBV replication and
HBV gene expression remained suppressed, especially in
the liver stage infection where 2⬘5⬘-OAS mRNA was very
strongly induced, and where NK1.1 mRNA was more
prominent and T cell markers were strongly enhanced.
Not surprisingly, this was associated with the continued expression of iNOS, IFN-␥, and TNF-␣. In both infections,
the T cell and macrophage response, as well as IFN-␥ and
TNF-␣ gene expression, continued through day 10 when
the parasitemia was at its peak (Fig. 1 A) and HBV replication was most profoundly suppressed. By day 15, the parasites were almost completely cleared from the circulation,
and cytokine, macrophage, T cell markers, and sALT activity returned toward baseline levels, as did the hepatic content of HBV DNA and HBV RNA. All of these events
were completed by day 20.
In summary, while the histological features of the two
infections are quite similar, the liver stage infection appeared to trigger an early T cell–independent cytokine response as well as a delayed cytokine response that coincided
with the infiltration of T cells. In contrast, the T cell response occurred earlier in the blood stage than in liver stage
infection, perhaps because parasitemia was detectable earlier in those animals, and a T cell–independent phase was
not observed, perhaps indicating that it was induced primarily by infected hepatocytes. In both cases, however, the
induced cytokine responses were associated with a decrease
in HBV RNA and DNA in the liver.
P. yoelii–induced Suppression of HBV Replication Is Mediated
by IFNs. Since IFN-␥, TNF-␣, 2⬘5⬘-OAS, and iNOS
gene expression coincided with HBV downregulation in

533

Pasquetto et al.

Figure 3. Early suppression of HBV replication by malarial infection is
mediated by IFNs. Groups of four age-, sex-, and serum HBeAg-matched
HBV transgenic mice (lineage 1.3.46) knocked out for IFN-␥, IFN-␣/␤
receptor, TNF-␣, or iNOS genes were injected intraperitoneally with
107 parasitized RBCs of P. yoelii yoelii strain 17X NL, and livers were harvested from each of four mice killed on day 10 after infection. Southern
blot analysis (A) was performed with total liver DNA isolated from two
representative animals in each group. The steady-state HBV content was
compared with total hepatic DNA pooled from four control mice injected with uninfected RBCs (⫺). All DNA samples were treated with
RNase A before their concentrations were determined. Bands corresponding to the integrated transgene and the relaxed circular (RC) and
single-stranded (SS) HBV DNA replicative forms are indicated. The integrated transgene can be used to normalize the amount of DNA bound to
the membrane. The membrane was hybridized with a 32P-labeled HBV–
specific DNA probe. Total liver RNA (20 g) from the same pool of
mice was analyzed by Northern blot analysis for the expression of 2⬘5⬘OAS (B), a marker of IFN-␣/␤ induction. The housekeeping enzyme
GAPDH was used to normalize the amount of RNA loaded in each lane.
Total hepatic RNA (5 g) from the same Plasmodium-infected transgenic
mice was also analyzed by RNase Protection (B) for the expression of
IFN-␥, TNF-␣, and iNOS transcripts, and for the expression of CD3␥,
CD4, CD8, NK1.1, and F4/80, as indicated. The mRNA encoding the
ribosomal protein L32 was used to normalize the amount of RNA loaded
in each lane. The sALT activity, measured at the time of autopsy, is indicated for each mouse and is expressed in U/liter. The percentage of blood
parasitemia, measured at the time of autopsy, is indicated for each mouse.
Similar results were obtained in two separate experiments.

tokines probably function collectively to inhibit HBV replication, it appears that IFN-␥ and IFN-␣/␤ are essential,
and that TNF-␣ and iNOS are dispensable for the antiviral
effect to occur. Since merozoite infection is sufficient to inhibit HBV replication in these mice, and since hepatocytes
are not infected by the blood stages of the parasite, the antiviral effect of malaria is likely to be triggered principally
by phagocytosis of infected erythrocytes by Kupffer cells,
leading to their activation and production of chemokines
that recruit NK cells, NKT cells, and malaria-specific T
cells, all of which probably produce inflammatory cytokines that eliminate HBV from the hepatocytes.
These results suggest that similar antiviral events may limit
HBV infection during human malaria infection, especially
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the foregoing experiment, and since we have previously
shown that the corresponding cytokines and NO inhibit
HBV replication under other experimental conditions (2–
7), we monitored the ability of P. yoelii merozoites to inhibit HBV replication in HBV transgenic mice whose ability to produce IFN-␥ or iNOS, or to respond to TNF-␣ or
IFN-␣/␤ had been knocked out. Groups of four age-, sex-,
and HBeAg-matched transgenic mice that were either
homozygous or heterozygous for each of these null alleles
were injected intraperitoneally with 107 merozoite-infected
RBCs to initiate a blood stage infection. 10 d after infection, their livers were harvested and total hepatic DNA and
RNA were extracted and subjected to Southern blot analysis for HBV DNA, Northern blot analysis for 2⬘5⬘-OAS
mRNA, and RNase Protection assays for cytokine, F4/80,
and T cell mRNA content. Since each mouse in each
group of four mice showed identical results, two representative mice per group are shown in Fig. 3. As expected,
HBV replication was abolished in all of the heterozygous
control mice (represented by the IFN-␣/␤⫹/⫺ heterozygous animals in Fig. 3 A), coinciding with induction of
2⬘5⬘-OAS, TNF-␣, IFN-␥, and T cell mRNAs (Fig. 3 B).
Importantly, HBV replication was not suppressed in the
IFN-␥ knockout mice, despite the induction of 2⬘5⬘-OAS;
it was only slightly suppressed in the absence of the IFN-␣/␤
receptor, despite the induction of IFN-␥. These results
suggest that IFN-␥ and IFN-␣/␤ act independently to inhibit HBV replication after P. yoelii infection. Surprisingly,
HBV replication was inhibited in the absence of both
iNOS and the TNFp55 receptor, indicating that neither
NO nor TNF-␣ receptor–mediated signaling contributes
substantially to the antiviral effect of the merozoites as long
as IFN-␣/␤ and IFN-␥ are expressed in the liver. The surprising apparent irrelevance of TNF-␣ might be explained
by the fact that 2⬘5⬘-OAS (i.e., IFN-␣/␤) and IFN-␥ are
hyperinduced in these animals, suggesting that, at these levels, the IFNs might compensate for the absence of TNF-␣
and be sufficient to downregulate HBV independently.
The fact that the IFN-␥–associated antiviral effect was not
seen in the iNOS knockout mice (Fig. 3) was also surprising, since the IFN-␥–dependent inhibition of HBV replication by CTLs is mediated by NO (4). This is compatible
with two interpretations. First, the antiviral effect in those
animals could be mediated by IFN-␣/␤ since the 2⬘5⬘OAS mRNA was strongly induced, and we have shown
that the antiviral effect of IFN-␣/␤ is NO independent.
Alternatively, the IFN-␥–dependent antiviral effect triggered by P. yoelii might not be mediated by NO. This
would be consistent with reports that certain IFN-␥–dependent effects are mediated by NO-independent mechanisms
(46, 47). This putative activity could be enhanced by the
fact that IFN-␥ and TNF-␣ appear to be hyperinduced in
these mice.
In summary, we report that HBV replication and gene
expression are inhibited during P. yoelii infection which ultimately clears HBV virions from the liver by triggering an
inflammatory response and the induction of IFN-␥, IFN␣/␤, TNF-␣, and iNOS in the liver. While all of these cy-

We thank Timothy Stewart, Tak Mak, and Michel Aguet for providing IFN-␥, TNF-␣R, and IFN-␣/␤R knockout mice, respectively; John Mudgett, John MacMicking, and Carl Nathan for providing iNOS knockout mice; Monte Hobbs for providing the
cytokine gene and T cell marker probe sets used in the RNase Protection assays; Rick Koch, Josan Chung, Christina Whitten, Heike
McClary, and Margie Chadwell for excellent technical assistance,
and Jennifer Newmann for assistance with manuscript preparation.
This work was supported by grants R37 CA40489 (to F.V.
Chisari) and R01 AI40696 (to L.G. Guidotti) from the National
Institutes of Health. V. Pasquetto was supported by a fellowship
from the Skaggs Institute. This is manuscript no. 12903-MEM from
The Scripps Research Institute.
Submitted: 14 February 2000
Revised: 17 May 2000
Accepted: 16 June 2000

6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

References

16.

1. Chisari, F.V., and C. Ferrari. 1995. Hepatitis B virus immunopathogenesis. Annu. Rev. Immunol. 13: 29–60.
2. McClary, H., R. Koch, F.V. Chisari, and L.G. Guidotti.
2000. Relative sensitivity of hepatitis B virus and other hepatotropic viruses to the antiviral effects of cytokines. J. Virol.
74:2255–2264.
3. Guidotti, L.G., and F.V. Chisari. 1996. To kill or to cure:
options in host defense against viral infection. Curr. Opin. Immunol. 8:478–483.
4. Guidotti, L.G., T. Ishikawa, M.V. Hobbs, B. Matzke, R.
Schreiber, and F.V. Chisari. 1996. Intracellular inactivation
of the hepatitis B virus by cytotoxic T lymphocytes. Immunity. 4:25–36.
5. Guidotti, L.G., H. McClary, J. Moorhead, and F.V. Chisari.

534

17.

18.

19.

2000. Nitric oxide inhibits hepatitis B virus replication in the
liver of transgenic mice. J. Exp. Med. 191:1247–1252.
Guidotti, L.G., P. Borrow, M.V. Hobbs, B. Matzke, I.
Gresser, M.B. Oldstone, and F.V. Chisari. 1996. Viral cross
talk: intracellular inactivation of the hepatitis B virus during
an unrelated viral infection of the liver. Proc. Natl. Acad. Sci.
USA. 93:4589–4594.
Cavanaugh, V.J., L.G. Guidotti, and F.V. Chisari. 1998. Inhibition of hepatitis B virus replication during adenovirus and
cytomegalovirus infections in transgenic mice. J. Virol. 72:
2630–2637.
Guidotti, L.G., R. Rochford, J. Chung, M. Shapiro, R. Purcell, and F.V. Chisari. 1999. Viral clearance without destruction of infected cells during acute HBV infection. Science.
284:825–829.
Landau, J., and Y. Boulard. 1978. Life cycles and morphology. In Rodent Malaria. R. Killick-Kendrick and W. Peters,
editors. Academic Press, New York. 53–84.
Trager, W. 1986. Site selection within the host: entry into
specific organs and cells. In Living Together, The Biology of
Animal Parasitism. W. Trager, editor. Plenum Press, New
York. 41–70.
Jacobs, P., D. Radzioch, and M.M. Stevenson. 1996. A Th1associated increase in tumor necrosis factor alpha expression
in the spleen correlates with resistance to blood-stage malaria
in mice. Infect. Immun. 64:535–541.
Marussig, M., L. Renia, A. Motard, F. Miltgen, P. Petour, V.
Chauhan, G. Corradin, and D. Mazier. 1997. Linear and
multiple antigen peptides containing defined T and B
epitopes of the Plasmodium yoelii circumsporozoite protein:
antibody-mediated protection and boosting by sporozoite infection. Int. Immunol. 9:1817–1824.
Mazier, D., L. Renia, A. Nussler, S. Pied, M. Marussig, J.
Goma, D. Grillot, F. Miltgen, J.C. Drapier, and G. Corradin.
1990. Hepatic phase of malaria is the target of cellular mechanisms induced by the previous and the subsequent stages. A
crucial role for liver nonparenchymal cells. Immunol. Lett. 25:
65–70.
Renia, L., M.S. Marussig, D. Grillot, S. Pied, G. Corradin, F.
Miltgen, G. Del Giudice, and D. Mazier. 1991. In vitro activity of CD4⫹ and CD8⫹ T lymphocytes from mice immunized with a synthetic malaria peptide. Proc. Natl. Acad. Sci.
USA. 88:7963–7967.
Renia, L., D. Grillot, M. Marussig, G. Corradin, F. Miltgen,
P.H. Lambert, D. Mazier, and G. Del Giudice. 1993. Effector functions of circumsporozoite peptide-primed CD4⫹ T
cell clones against Plasmodium yoelii liver stages. J. Immunol.
150:1471–1478.
Romero, P., J.L. Maryanski, G. Corradin, R.S. Nussenzweig,
V. Nussenzweig, and F. Zavala. 1989. Cloned cytotoxic T
cells recognize an epitope in the circumsporozoite protein
and protect against malaria. Nature. 341:323–326.
Weiss, W.R., S. Mellouk, R.A. Houghten, M. Sedegah, S.
Kumar, M.F. Good, J.A. Berzofsky, L.H. Miller, and S.L.
Hoffman. 1990. Cytotoxic T cells recognize a peptide from
the circumsporozoite protein on malaria-infected hepatocytes. J. Exp. Med. 171:763–773.
Mellouk, S., S.J. Green, C.A. Nacy, and S.L. Hoffman. 1991.
IFN-gamma inhibits development of Plasmodium berghei exoerythrocytic stages in hepatocytes by an L-arginine-dependent effector mechanism. J. Immunol. 146:3971–3976.
Pied, S., L. Renia, A. Nussler, F. Miltgen, and D. Mazier.
1991. Inhibitory activity of IL-6 on malaria hepatic stages.

Malaria Infection Inhibits HBV Replication and Gene Expression in Transgenic Mice

Downloaded from http://rupress.org/jem/article-pdf/192/4/529/1128838/000247.pdf by guest on 16 August 2022

in endemic areas where both pathogens coexist at high frequency. Indeed, in a study investigating the interactions between malaria and hepatitis B in Papua New Guinea, it has
been shown that patients with the highest rates of malaria
infection had the lowest prevalence of hepatitis B infection
(48). It is also noteworthy that viremia in chronic hepatitis B
infection appears to fluctuate in concert with Plasmodium falciparum infection (49), suggesting that the amount and type
of intrahepatic inflammatory cytokines induced by malaria
infection may influence the course of HBV infection in
man. Furthermore, mice infected with nonlethal strains of
P. yoelii and Plasmodium chabaudi have been shown to produce a stronger IFN-␥ response to infection than mice infected with the respective lethal strains (23), suggesting that
the amount and quality of the inflammatory cytokines induced in the liver might control those infections.
In conclusion, these results suggest that the inflammatory
cytokines induced and/or secreted by activated macrophages and the inflammatory cells they recruit into the liver
during malaria infection may play a pivotal role in the outcome of coexisting HBV infection. These results not only
provide insight into the possible impact of malaria on HBV
replication in coinfected humans, they also suggest that
pharmacological strategies designed to activate the intrahepatic macrophage may have therapeutic merit during
chronic HBV infection.

535

Pasquetto et al.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.
46.

47.

48.

49.

1995. High-level hepatitis B virus replication in transgenic
mice. J. Virol. 69:6158–6169.
Dalton, D.K., S. Pitts-Meek, S. Keshav, I.S. Figari, A. Bradley, and T.A. Stewart. 1993. Multiple defects of immune cell
function in mice with disrupted interferon-gamma genes. Science. 259:1739–1742.
Muller, U., U. Steinhoff, L.F. Reis, S. Hemmi, J. Pavlovic,
R.M. Zinkernagel, and M. Aguet. 1994. Functional role of
type I and type II interferons in antiviral defense. Science. 264:
1918–1921.
Pfeffer, K., T. Matsuyama, T.M. Kundig, A. Wakeham, K.
Kishihara, A. Shahinian, K. Wiegmann, P.S. Ohashi, M.
Kronke, and T.W. Mak. 1993. Mice deficient for the 55 kd
tumor necrosis factor receptor are resistant to endotoxic
shock, yet succumb to L. monocytogenes infection. Cell. 73:
457–467.
MacMicking, J.D., C. Nathan, G. Hom, N. Chartrain, D.S.
Fletcher, M. Trumbauer, K. Stevens, Q.W. Xie, K. Sokol,
and N. Hutchinson. 1995. Altered responses to bacterial infection and endotoxic shock in mice lacking inducible nitric oxide synthase [published erratum at 81:1170]. Cell. 81:641–650.
Kima, P.E., I.K. Srivastava, and C.A. Long. 1992. Proteins
with molecular masses of 25 to 40 kilodaltons elicit optimal
protective responses against Plasmodium chabaudi adami infection. Infect. Immun. 60:5065–5070.
Schulman, S., J.D. Oppenheim, and J.P. Vanderberg. 1980.
Plasmodium berghei and Plasmodium knowlesi: serum binding to
sporozoites. Exp. Parasitol. 49:420–429.
Weiss, W.R., M. Sedegah, R.L. Beaudoin, L.H. Miller, and
M.F. Good. 1988. CD8⫹ T cells (cytotoxic/suppressors) are
required for protection in mice immunized with malaria
sporozoites. Proc. Natl. Acad. Sci. USA. 85:573–576.
Vanderberg, J.P., and R.W. Gwadz. 1980. The transmission
by mosquitoes of plasmodia in the laboratory. In Malaria.
Vol. 2 (Pathology, Vector Studies, and Culture). J.P. Kreier,
editor. Academic Press, New York. 153–234.
Hobbs, M.V., W.O. Weigle, D.J. Noonan, B.E. Torbett,
R.J. McEvilly, R.J. Koch, G.J. Cardenas, and D.N. Ernst.
1993. Patterns of cytokine gene expression by CD4⫹ T cells
from young and old mice. J. Immunol. 150:3602–3614.
Laskin, D.L., and K.J. Pendino. 1995. Macrophages and inflammatory mediators in tissue injury. Annu. Rev. Pharmacol.
Toxicol. 35:655–677.
Polsinelli, T., M.S. Meltzer, and A.H. Fortier. 1994. Nitric
oxide-independent killing of Francisella tularensis by IFNgamma-stimulated murine alveolar macrophages. J. Immunol.
153:1238–1245.
Yoneto, T., T. Yoshimoto, C.R. Wang, Y. Takahama, M.
Tsuji, S. Waki, and H. Nariuchi. 1999. Gamma interferon
production is critical for protective immunity to infection
with blood-stage Plasmodium berghei XAT but neither NO
production nor NK cell activation is critical. Infect. Immun.
67:2349–2356.
Brabin, L., B.J. Brabin, M. Dimitrakakis, and I. Gust. 1989.
Factors affecting the prevalence of infection with hepatitis B
virus among non-pregnant women in the Alexishafen area of
Papua New Guinea. Ann. Trop. Med. Parasitol. 83:365–374.
Brown, A.E., D. Mongkolsirichaikul, B. Innis, R. Snitbhan,
and H.K. Webster. 1992. Falciparum malaria modulates viremia in chronic hepatitis B virus infection. J. Infect. Dis. 166:
1465–1466.

Downloaded from http://rupress.org/jem/article-pdf/192/4/529/1128838/000247.pdf by guest on 16 August 2022

Parasite Immunol. 13:211–217.
20. Schofield, L., A. Ferreira, R. Altszuler, V. Nussenzweig, and
R.S. Nussenzweig. 1987. Interferon-gamma inhibits the intrahepatocytic development of malaria parasites in vitro. J.
Immunol. 139: 2020–2025.
21. Ferreira, A., L. Schofield, V. Enea, H. Schellekens, P. van der
Meide, W.E. Collins, R.S. Nussenzweig, and V. Nussenzweig. 1986. Inhibition of development of exoerythrocytic
forms of malaria parasites by gamma-interferon. Science. 232:
881–884.
22. Nussler, A., S. Pied, J. Goma, L. Renia, F. Miltgen, G.E.
Grau, and D. Mazier. 1991. TNF inhibits malaria hepatic
stages in vitro via synthesis of IL-6. Int. Immunol. 3:317–321.
23. De Souza, J.B., K.H. Williamson, T. Otani, and J.H. Playfair.
1997. Early gamma interferon responses in lethal and nonlethal murine blood-stage malaria. Infect. Immun. 65:1593–1598.
24. Langhorne, J., S. Gillard, B. Simon, S. Slade, and K. Eichmann. 1989. Frequencies of CD4⫹ T cells reactive with Plasmodium chabaudi chabaudi: distinct response kinetics for cells
with Th1 and Th2 characteristics during infection. Int. Immunol. 1:416–424.
25. Perlmann, H., S. Kumar, J.M. Vinetz, M. Kullberg, L.H.
Miller, and P. Perlmann. 1995. Cellular mechanisms in the
immune response to malaria in Plasmodium vinckei-infected
mice. Infect. Immun. 63:3987–3993.
26. Stevenson, M.M., and M.F. Tam. 1993. Differential induction of helper T cell subsets during blood-stage Plasmodium
chabaudi AS infection in resistant and susceptible mice. Clin.
Exp. Immunol. 92:77–83.
27. Grau, G.E., K. Frei, P.F. Piguet, A. Fontana, H. Heremans,
A. Billiau, P. Vassalli, and P.H. Lambert. 1990. Interleukin 6
production in experimental cerebral malaria: modulation by
anticytokine antibodies and possible role in hypergammaglobulinemia. J. Exp. Med. 172:1505–1508.
28. Grau, G.E., P.F. Piguet, and P.H. Lambert. 1992. Immunopathology of malaria: role of cytokine production and adhesion
molecules. Mem. Inst. Oswaldo Cruz. 87(Suppl. 5):95–100.
29. Kern, P., C.J. Hemmer, J. Van Damme, H.J. Gruss, and M.
Dietrich. 1989. Elevated tumor necrosis factor alpha and interleukin-6 serum levels as markers for complicated Plasmodium falciparum malaria. Am. J. Med. 87:139–143.
30. Slade, S.J., and J. Langhorne. 1989. Production of interferongamma during infection of mice with Plasmodium chabaudi
chabaudi. Immunobiology. 179:353–365.
31. Rhodes-Feuillette, A., M. Bellosguardo, P. Druilhe, J.J. Ballet, S. Chousterman, M. Canivet, and J. Peries. 1985. The
interferon compartment of the immune response in human
malaria: II. Presence of serum-interferon gamma following
the acute attack. J. Interferon Res. 5:169–178.
32. Yoshimoto, T., Y. Takahama, C.R. Wang, T. Yoneto, S.
Waki, and H. Nariuchi. 1998. A pathogenic role of IL-12 in
blood-stage murine malaria lethal strain Plasmodium berghei
NK65 infection. J. Immunol. 160:5500–5505.
33. Lee, S.H., P. Crocker, and S. Gordon. 1986. Macrophage
plasma membrane and secretory properties in murine malaria.
Effects of Plasmodium yoelii blood-stage infection on macrophages in liver, spleen, and blood. J. Exp. Med. 163:54–74.
34. Dockrell, H.M., J.B. de Souza, and J.H. Playfair. 1980. The
role of the liver in immunity to blood-stage murine malaria.
Immunology. 41:421–430.
35. Guidotti, L.G., B. Matzke, H. Schaller, and F.V. Chisari.

