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Abstract.

Plasmodium falciparum parasites develop in the liver before being released into the bloodstream, where

they exert the potentially lethal effects characteristic of malaria. Our understanding of the hepatic phase of the life
cycle is limited by the parasite’s requirement for fresh human liver cells in which to mature. In this work, liver
parasites completed their development within a Thai human hepatoma cell line (HHS-102), and the presence of ring-
form parasites in erythrocytes overlying the liver cell culture confirmed that an entire liver cycle was completed,
culminating in the production of viable blood-stage parasites. The HHS-102 cell line allows investigation of the
undefined liver stage of falciparum malaria previously unavailable in the laboratory.

Malaria causes between one and 2.5 million deaths an-
nually.! Virtually all malaria deaths are due to the blood
stages of Plasmodium falciparum, the most lethal of the four
human malaria parasite species.? There is no evidence that
death is regularly associated with species of Plasmodium
other than falciparum. The infection begins when a female
anopheline mosquito inoculates sporozoites, which undergo
a clinically silent period of development in the liver before
entering the bloodstream.? Malaria parasites circulating with-
in erythrocytes have been intensively studied; not only can
they be visualized by direct microscopy, but those of P. fal-
ciparum can be maintained in continuous culture.*¢ Unlike
the blood stage, hepatic malaria is relatively inaccessible to
study and therefore poorly understood. Liver-stage P. falcip-
arum parasites develop in freshly obtained normal human
hepatocytes,’”-® but human liver specimens are difficult to ob-
tain and cannot be maintained in continuous culture. Non-
human primates and hepatic cell lines offer alternative ap-
proaches, but only incomplete P. falciparum parasite matu-
ration occurs within either monkey hepatocytes or the
HepG2 human hepatoma cell line.% '© A better model would
facilitate investigations of hepatic malaria aimed at arresting
parasite development in the liver and thus preventing clinical
disease and death. A Thai human hepatoma cell line, HHS-
102,"" offered promise as a model able to support the com-
plete development of falciparum hepatic parasites because it
was morphologically similar to normal human liver cells in
culture.

MATERIALS AND METHODS

The HHS-102 cells were seeded into a six-well tissue cul-
ture plate (Costar, Cambridge, MA) at a concentration of 2.0
X 10° cells/well and were maintained in 3 ml/well of a com-
plete culture medium (a 1:1 mixture of RPMI 1640 medium
with L-glutamine [Sigma, St. Louis, MO] and minimum es-
sential medium with L-glutamine [Gibco, Grand Island, NY]
supplemented with 2.2 mg/ml of sodium bicarbonate, 150
U/ml of penicillin, 150 mg/ml of streptomycin, and 10%
fetal bovine serum). The monolayers were incubated until
confluent at 37°C in a humidified incubator equilibrated with
5% CO, in air.
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Laboratory-reared Anopheles dirus A mosquitoes, one va-
riety of the An. dirus mosquito species complex, were in-
fected by membrane feeding using cultured P. falciparum
gametocytes from clone A-7 of a Thai isolate, CH-150'? and
maintained at 26-28°C with a relative humidity of 70-80%.
On the 21st day after the infective blood meal, sporozoites
were aseptically isolated from mosquito salivary glands. One
day prior to inoculation of sporozoites, the fetal bovine se-
rum in the complete medium was replaced by heat-inacti-
vated human AB* serum in the hepatic cell cultures. Ap-
proximately 1.0 X 10° sporozoites were introduced into each
well. The medium was changed after a 3-hr incubation, and
every 48 hr thereafter.

Detection of liver-stage parasites was performed using
Giemsa and immunoperoxidase staining. Giemsa-stained
HHS-102 monolayers were examined for P. falciparum liv-
er-stage parasites on day 6 and day 12 after sporozoite in-
oculation. The early stages of liver parasites were detected
by indirect immunoperoxidase staining after cytocentrifu-
gation.!> The HHS-102 culture was trypsinized to achieve a
single cell suspension and the cell suspension was counted
and diluted with complete culture medium to a concentration
of 10° cells/ml. A 100-ul aliquot of the diluted cell suspen-
sion was centrifuged onto poly L-lysine—coated slides using
Cytospin 2 (Shandon, Pittsburgh, PA). After spinning, the
slides were air-dried for 20 min and fixed with methanol at
—20°C for 10 min. Immunoperoxidase staining was per-
formed on all fixed slides using an avidin-biotin peroxidase
complex procedure (OmniTagS® kit; Lipshaw, Detroit, MI).
A monoclonal anti-P. falciparum circumsporozoite (CS) pro-
tein antibody, NFS1 (courtesy of Dr. Yupin Charoenvit, Na-
val Medical Research Institute, Bethesda, MD) at a 1:4,000
dilution in 1% bovine albumin phosphate-buffered saline
was used with 3-amino-9-ethylcarbazol (Lipshaw) as a sub-
strate for the peroxidase enzyme followed by counterstaining
with Mayer’s hematoxylin. Coverslips were placed on all
stained slides and GelTol® (Lipshaw) was used as an aque-
ous permanent mounting medium.

To determine whether the development of liver-stage par-
asites could be completed in hepatoma cells, erythrocyte-
hepatoma cell cocultures were performed on days 8, 10, and
12 following sporozoite inoculation. Three milliliters of a
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FIGURE 1. Early liver parasites detected by indirect immunoperoxidase staining after cytocentrifugation. Eight-day old liver parasites (P)
are seen within HHS-102 hepatoma cells. The parasite in A is stained more intensely than that in B. Bars = 10 pm.

1% suspension of human O* erythrocytes in complete me-
dium were introduced into the hepatoma cell cultures to
serve as targets for invasion by emerging hepatic merozoites.
The erythrocyte-hepatoma cell cocultures were incubated for
6 hr and the target erythrocytes were then removed and pro-
cessed for in vitro continued culture. The recovered eryth-
rocytes were washed twice in RPMI 1640 medium and ad-
justed to a 1% suspension in complete culture medium
(RPMI 1640 medium supplemented with 5.96 mg/ml of HE-
PES buffer, 2.2 mg/ml of sodium bicarbonate, and 20% heat-
inactivated compatible human serum). One hundred millili-
ters of cell suspension were dispensed into each microtiter
well of a 96-well tissue culture plate (Costar), and the culture
was maintained under standard conditions for asexual blood-
stage parasite culture.> Spent medium was replaced every 48
hr and 100 pl of 1% fresh human erythrocytes in the com-
plete culture medium containing 10% heat-inactivated hu-
man AB* serum were added every five days. Following re-
moval of the cocultured erythrocytes, the HHS-102 cell
monolayers were washed, methanol-fixed, and Giemsa-
stained to detect liver-stage parasites by direct microscopy
at 20X or 40X.

RESULTS

Hepatoma cells were examined at regular intervals for liv-
er-stage parasites. Liver parasites detected by indirect im-
munoperoxidase staining eight days after sporozoite inocu-
lation showed variable staining level~ of CS protein (Figure
1). Giemsa-stained HHS-102 cells 12 days after sporozoite
inoculation showed considerable variation in the sizes (5-15
pm) of liver-stage parasites. Some large parasites 10—15 pm
in diameter showed partial segmentation (Figure 2A). The
rupture of liver-stage parasites was also suggested by clus-
ters of hepatic merozoites, each measuring 1-2 pm in di-
ameter, on top of hepatoma monolayers (Figure 2B).

Rupture of hepatic parasites and invasion of target eryth-

rocytes by released functional merozoites was confirmed by
erythrocyte-hepatoma cell coculture on day 8 following spo-
rozoite inoculation. Eight coculture experiments were per-
formed, and intraerythrocytic malaria parasites were pro-
duced on each occasion. Several ring-form parasites were
seen in Giemsa-stained smears of the recovered erythrocytes
made immediately after the 6-hr coculture. Recovered eryth-
rocytes were maintained in continuous blood-stage culture
conditions and ring-form parasites were detectable within
erythrocytes on days 12 and 19 (Figure 3A). A small number
of P. falciparum schizonts were also observed in stained
blood smears on day 19 (Figure 3B).

DISCUSSION

We provide here the first evidence that all stages of the
P. falciparum life cycle that occur outside the mosquito can
be completed in vitro. Mosquitoes fed on cultured gameto-
cytes produce sporozoites that infected hepatoma cells. In
vitro culture of P. falciparum sporozoites is possible'* and
is under further investigation. Liver-stage parasites mature
and rupture, releasing merozoites capable of infecting eryth-
rocytes. The use of the HHS-102 cell line obviates the im-
practical requirement for fresh human hepatocytes.

The HHS-102 cell line was selected over three others be-
cause its morphology most closely resembled that of normal
human liver cells." In culture, HHS-102 cells retain inter-
cellular junctional complexes and canaliculi resembling the
bile canaliculi of normal liver cells, and neither overgrow
nor pile up at zones of confluence. Several previous attempts
both by ourselves and others'® to achieve complete devel-
opment of falciparum parasites within HepG2 cells were un-
successful.

The liver cycle of P. falciparum in humans has been re-
ported to occur in as little as 6.5 days.'> No mature liver-
stage parasites were detected on day 6 after sporozoite in-
oculation, but immature forms in a variety of sizes were
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FIGURE 2. Giemsa-stained HHS-102 monolayers after sporozoite inoculation. A, a 12-day old parasite (p) surrounded by a parasitophorous
vacuole membrane (m) is seen adjacent to the nucleus (n) of an HHS-102 hepatoma cell. B, merozoites (M) released from ruptured hepatoma
cells are seen on top of the HHS-102 hepatoma monolayer 13 days after sporozoite inoculation. Bars = 5 pm.

seen, including forms up to 15 pm in diameter. Variation in
the size of liver-stage parasites has also been reported in
primary cultures of normal human liver cells infected with
P. falciparum sporozoites.® No parasites larger than 15 pm
were found, perhaps because cytocentrifugation causes some
large parasites to rupture. Liver-stage parasites were ob-
served using NFS1 monoclonal antibody against CS protein.
Circumsporozoite protein can be detected in liver parasites
throughout their development'® '7 and on the surface of liver-
stage parasites,'® but is more abundant in younger forms.!®
Liver parasites eight days after sporozoite inoculation
showed variable staining levels of CS protein (Figure 1),
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which suggests that they had matured at a different rate, with
earlier stages staining more intensely than later ones.

Only approximately one in 10,000 hepatocytes contained
a parasite. This small infection percentage (0.009%) is not
only found with culture of HHS-102 cells, but was also re-
ported with primary cultures of human liver cells.” The prob-
able explanation is that only a small percentage of inoculated
sporozoites infect HHS-102 hepatoma cells. The CS protein
likely to be involved in liver cell recognition®® probably de-
termines molecular specificity in the invasion of sporozoites
into liver cells.?! The peptides derived from the conserved
regions of CS protein bind to liver cells and HepG2 cells.??

FIGURE 3. Giemsa-stained thin smears of erythrocytes infected by mature liver parasites from infected HHS-102 hepatoma cell cultures.
A, a ring-form parasite (R) found on day 12. B, a schizont (S) found on day 19. Bars = 10 pm.
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Less than 1% of P. falciparum sporozoites invade either
HepG2 cells' or primary human hepatocyte cultures,” sug-
gesting that only a few liver cells are capable of recognizing
sporozoites. Thus, only a few sporozoites can invade liver
cells.

Some large parasites showed partial segmentation, sug-
gesting imminent rupture. Further circumstantial evidence
that parasite maturation was completed within HHS-102
cells was provided by the observation of small merozoite-
like forms overlying hepatoma monolayers (Figure 2B). This
part of the P. falciparum life cycle, the liver stage, could not
be completed in HepG2 cells.'® These forms were similar in
both size (1-2 pm in diameter) and morphology to those
observed in liver schizonts contained within normal human
liver cells.® Clusters of merozoites can morphologically be
mistaken as nonpseudohyphaed yeasts, but yeasts are slight-
ly larger (3 wm in diameter). Fungal contamination was
ruled out because these round forms disappeared without the
addition of antifungal agents to the medium.

Erythrocyte-hepatoma cell cocultures were performed to
determine if these clusters were indeed comprised of viable
merozoites. Merozoites produced after as few as eight days
following sporozoite exposure invaded cocultured red blood
cells. Ring-form trophozoites were seen in Giemsa-stained
smears of erythrocytes recovered after a 6-hr exposure to
infected hepatoma cells as was previously shown by Mazier
and others using primary culture of normal human hepato-
cytes.® The eight-day interval between sporozoite infection
and the presence of ring-form parasites within erythrocytes
agrees with findings from malaria induced in human vol-
unteers bitten by infected mosquitoes. Patent infection was
detected as early as day 8 in one volunteer (Pavanand K and
others, unpublished data). The presence of ring forms and
schizonts in blood-stage cultures (Figure 3) clearly demon-
strated not only that merozoites produced in the hepatoma
cell cultures could invade red blood cells in vitro, but also
that after invasion the parasites were able to continue grow-
ing to maturation. This has previously been described for P.
berghei.®

The observation of hepatoma cells containing malaria par-
asites of various degrees of maturity, segmented forms, and
parasitized erythrocytes confirms that not only has the entire
P. falciparum hepatic cycle been completed in vitro, but it
has produced viable merozoites able to invade erythrocytes.
This is the first demonstration that the entire falciparum he-
patic cycle from sporozoite through invasion of erythrocytes
after hepatocyte rupture can be sustained in vitro. We believe
that refinement of culture conditions could increase the yield
of blood-stage parasites and permit more ring forms to com-
plete their development to schizonts. This would increase the
usefulness of this system for studying the immunology, bi-
ology, and chemotherapy of P. falciparum liver-stage para-
sites.

Acknowledgments: We thank Jetsumon Sattabongkot and Nongnuj
Maneechai for providing sporozoites, Dr. Yupin Charoenvit for pro-
viding the monoclonal anti-P. falciparum CS protein antibody
NFS1, and Dr. Gary W. Long for valuable advice.

Financial support: This study was supported by the U.S. Army Re-
search and Materiel Command and was performed while C. Kar-
nasuta was a National Research Council Research Associate at the
Armed Forces Research Institute of Medical Sciences.

Disclaimer: The opinions or assertions contained in this report are
the private views of the authors and are not to be construed as
official or as reflecting the views of the United States Army or the
Department of Defense.

Authors’ addresses: Chitraporn Karnasuta, Somsak Chantakulkij,
and George Watt, Department of Medicine, U.S. Army Medical
Component, Armed Forces Research Institute of Medical Sciences,
315/6 Rajvithi Road, Bangkok 10400, Thailand. Katchrinnee Pavan-
and, Napaporn Luttiwongsakorn, and Maneerat Rassamesoraj, De-
partment of Immunology and Parasitology, U.S. Army Medical
Component, Armed Forces Research Institute of Medical Sciences,
315/6 Rajvithi Road, Bangkok 10400, Thailand. Kingkarn Laoha-
thai, Faculty of Cell Biotechnology and Genetic Engineering, Chu-
lalongkorn University, Payathai Road, Bangkok 10330, Thailand. H.
Kyle Webster, Becton Dickinson, Asia-Pacific, 30 Tuas Avenue 2,
Singapore 2263.

REFERENCES

1. White NJ, Nosten E 1993. Advances in chemotherapy and pro-
phylaxis of malaria. Curr Opin Infect Dis 6: 323-330.

2. Miller LH, Warrell DA, 1990. Malaria. Mahmoud AAE ed.
Tropical and Geographic Medicine. New York: McGraw-Hill,
Inc., 3-13.

3. Trager W, Jensen JB, 1976. Human malaria parasites in contin-
uous culture. Science 193: 673-675.

4. Ifediba T, Vanderberg JP, 1981. Complete in vitro maturation
of Plasmodium falciparum gametocytes. Nature 294: 364—
366.

5. Ponnudurai T, Meuwissen JHETh, Leeuwenberg ADEM, Ver-
have JP, Lensen AHW, 1982. The production of mature ga-
metocytes of Plasmodium falciparum in continuous cultures
of different isolates infective to mosquitoes. Trans R Soc
Trop Med Hyg 76: 242-250.

6. Shortt HE, Fairley NH, Covell G, Shute PG, Garnham PCC,
1951. The pre-erythrocytic stage of Plasmodium falciparum.
Trans R Soc Trop Med Hyg 44: 405-419.

7. Smith JE, Meis JFGM, Ponnudurai T, Verhave JP, Moshage HJ,
1984. In vitro culture of exoerythrocytic form of Plasmodium
falciparum in adult human hepatocytes. Lancet ii: 757-758.

8. Mazier D, Beaudoin RL, Mellouk S, Druilhe P, Texier B, Tros-
per J, Miltgen E Landau I, Paul C, Brandicourt O, Guguen-
Guillouzo C, Langlois D, 1985. Complete development of
hepatic stages of Plasmodium falciparum in vitro. Science
227: 440-442.

9. Millet P, Collins WE, Aikawa M, Cochrane AH, Nguyen-Dinh
P, 1990. Use of non-human primate hepatocytes for in vitro
study of the pre-erythrocytic stages of malaria parasites. Bull
World Health Organ 88: 60-65. .

10. Hollingdale MR, Nardin EH, Tharavanij S, Schwartz AL, Nus-
senzweig RS, 1984. Inhibition of entry of Plasmodium fal-
ciparum and Plasmodium vivax sporozoites into cultured
cells: an in vitro assay of protective antibodies. J Immunol
132: 909-913.

11. Laohathai K, Bhamarapravati N, 1985. Culturing of human he-
patocellular carcinoma. A simple and reproducible method.
Am J Pathol 118: 203-208.

12. Webster HK, Thaithong S, Pavanand K, Yongvanitchit K, Pin-
swasdi C, Boudreau EF, 1985. Cloning and characterization
of mefloquine-resistant Plasmodium falciparum from Thai-
land. Am J Trop Med Hyg 34: 1022-1027.

13. Levitt S, Cheng L, DuPuis MH, Layfield LJ, 1985. Fine needle
aspiration diagnosis of malignant lymphoma with confirma-
tion by immunoperoxidase staining. Acta Cytol 29: 895-902.

14. Warburg A, Schneider I, 1993. In vitro culture of the mosquito
stages of Plasmodium falciparum. Exp Parasitol 76: 121-
126.

15. Murphy JR, Baqar S, Davis JR, Herrington DA, Clyde DF, 1989.
Evidence for a 6.5-day minimum exoerythrocytic cycle for
Plasmodium falciparum in humans and confirmation that im-
munization with synthetic peptide representative of a region
of the circumsporozoite protein retards infection. J Clin Mi-
crobiol 27: 1434-1437.



COMPLETE P. FALCIPARUM LIVER STAGE IN HEPATOMA CELLS 611

16. Szarfman A, Lyon JA, Walliker D, Quakyi I, Howard RJ, Suns
S, Ballou WR, Esser K, London WT, Wirtz RA, Carter R,
1988. Mature liver stages of cloned Plasmodium falciparum
share epitopes with proteins from sporozoites and asexual
blood stages. Parasite Immunol 10: 339-351.

17. Hollingdale MR, Collins WE, Campbell CC, 1986. In vitro cul-
ture of exoerythrocytic parasites of the North Korean strain
of Plasmodium vivax in hepatoma cells. Am J Trop Med Hyg
35: 275-276.

18. Millet P, Atkinson CT, Aikawa M, Hollingdale MR, Collins WE,
1991. Strain specificity in the liver-stage development of
Plasmodium falciparum in primary cultures of new world
monkey hepatocytes. Am J Trop Med Hyg 45: 236-242.

19. Danforth HD, Orjih AU, Nussenzweig RS, 1978. Immunofiu-
orescent staining of exoerythrocytic schizonts of Plasmodium
berghei in fixed liver tissue with stage-specific immune se-
rum. J Parasitol 64: 1123-1125.

20. Dame JB, Williams JL, McCutchan TE Weber JL, Wirtz RA,
Hockmeyer WT, Maloy WL, Haynes JD, Schneider I, Roberts
D, Sanders GS, Reddy EP, Diggs CL, Miller LH, 1984. Struc-
ture of the gene encoding the immunodominant surface anti-
gen on the sporozoite of the human malaria parasite Plas-
modium falciparum. Science 225: 593-599.

21. Cox FEG, 1992. Getting into the liver. Nature 359: 361-362.

22. Aley SB, Bates MD, Tam JP, Hollingdale MR, 1986. Synthetic
peptides from the circumsporozoite proteins of Plasmodium
falciparum and Plasmodium knowlesi recognize the human
hepatoma cell line HepG2-A16 in vitro. J Exp Med 164:
1915-1922.

23. Suhbier A, Janse C, Mons B, Fleck SL, Nicholas J, Davies CS,
Sinden RE, 1987. The complete development in vitro of the
vertebrate phase of the mammalian malaria parasite Plasmo-
dium berghei. Trans R Soc Trop Med Hyg 81: 907-909.





