but is known to occur as a temporary
wound response in potato slices (8). In
the case of heating aroid inflorescences,
at least a partial involvement of lipid
oxidation has been suggested in Sauro-
matum (13), which, unlike P. selloum,
contains glyoxysomes (/4). The absence
of glyoxysomes or peroxisomes in P.
selloum sterile florets suggests that lipid
was being respired by mitochondrial -
oxidation, which occurs in animal tis-
sues, rather than by glyoxysomal B-oxi-
dation, which is common in plant tissues
(15). The prevalence of mitochondria in
the tissues of P. selloum is consistent
with this suggestion. It has been pro-
posed that the alternative pathway (the
so-called cyanide-resistant pathway) in
mitochondria is responsible for thermo-
genicity in aroids and other plants (/6).
The lipid degradation that occurs dur-
ing heat generation in P. selloum appears
to be the most dramatic example of di-
rect lipid oxidation yet reported for plant
tissues. Furthermore, the use of lipids by
P. selloum has interesting similarities to
that found in animal tissues with high
energy requirements, such as heart and
wing muscles (17).
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Primary Murine Bone Marrow Cultures Support Continuous

Growth of Infectious Human Trypanosomes

Abstract. The human parasite Trypanosoma brucei gambiense grew continuously
at 37°C in primary cultures of murine bone marrow. Cultured parasites remained
virulent for mice. Rapid parasite growth coincided with the appearance of adherent
adipocyte-epitheloid cell aggregates that also promoted hematopoiesis. This culture
system should permit studies of host cell control of trypanosome proliferation,
pathogenic effects of trypanosomes on blood cell development, and the relative
trypanocidal and marrow suppressive activities of drugs.

The Trypanosoma brucei subgroup of
African trypanosomes includes impor-
tant pathogens of humans and domestic
animals (/). Although these trypano-
somes are usually described as blood
parasites, most of them develop in the
extravascular tissue space (2). Parasites
isolated from tissue sites differ antigeni-
cally (3) and in reproductive activity (4,
5) from peripheral blood parasites. Rein-
vasion of the blood by tissue parasites is
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thought to be an important factor in
relapse following drug treatment (6).
Factors that influence the tissue distribu-
tion and physiological activity of try-
panosomes in different sites are un-
known. However, certain established
cell lines potentiate the growth of T.
brucei in vitro at 37°C (7). Interactions
between trypanosomes and mammalian
cells in these culture systems appear to
be specific since few cell lines support
parasite growth and not all parasite
strains grow with the same cell line (7).
Similar specific interactions between try-
panosomes and host tissue cells could
influence parasite multiplication in vivo.
Bone marrow is one tissue that harbors a
high proportion of dividing trypano-

Fig. 1. Growth of T. b. gambiense in primary
murine bone marrow cultures. (A) Marrow
from BALB/cCr mice was cultured for 3
weeks and then inoculated with trypanosomes
at different initial cell densities. (B) W/WVY
cultures of different ages: (@), 2 weeks; (O), 3
weeks; (A), 4 weeks. The flasks were gently
shaken at the times indicated, and 0.2 ml of
supernatant was removed for hemacytometer
counts. In (A) the values are for a single flask
at each cell input. In (B) the mean and range
for three flasks is shown at each culture age.
All ranges are not shown to avoid obscuring
mean values; variation at all time points was
comparable to data shown.
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somes during remissions of parasitemia
in T. brucei infections of mice (¢). In this
report I demonstrate that primary cul-
tures of murine bone marrow support
rapid growth of infective mammalian
forms of the human pathogen T. b. gam-
biense in vitro.

Established methods for initiating
bone marrow cultures in the absence of
trypanosomes were modified to support
the growth of parasites (8). Hydrocorti-
sone was used to stimulate the develop-
ment of adipocytes in the adherent cell
layer (9). RPMI 1640 tissue culture medi-
um was used because trypanosomes did
not grow in Fisher’s medium. Primary
marrow cultures were not recharged
with fresh marrow after adherent stromal
cell layers were formed (8, 9). The devel-
opment of bone marrow cultures over 3
weeks was similar to what has been
reported previously (8-10). Specifically,
islands of interacting epitheloid cells,
monocytes, and adipocytes, which are
known to be necessary for hematopoietic
stem cell proliferation in culture, became
numerous in the adherent cell layer dur-
ing the third week (9, 10). Hematopoietic
activity, as evidenced by production of
nonadherent blasts, mature granulo-
cytes, and monocytes was intense for 3
to 4 weeks and then subsided.

Initially, T. gambiense was grown in
vitro by establishing bone marrow cul-
tures from lightly infected mice (/).
Trypanosomes from infected marrow
persisted in such cultures for more than 2
weeks, but parasite populations re-
mained below 5 x 10* per milliliter until
about the third week. Subsequently, try-
panosomes multiplied to populations ap-
proaching 2 X 10% per milliliter in the
same flasks.

When parasites were inoculated into 3-
to 9-week-old bone marrow cultures es-
tablished from uninfected mice, vigorous
growth began rapidly. In such cultures,
the trypanosomes multiplied exponen-
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Fig. 2. Adipocyte col-
onies with supporting
epitheloid and fibro-
blastic elements in 10-
week-old BALB/cCr
marrow culture. Try-
panosomes (T) are
. visible near the adher-
ent cells. Phase con-
trast. (Inset) Slender
bloodstream  trypo-
mastigotes and matur-
ing leukocytes from
the supernatant of a 3-
week-old BALB/cCr
marrow culture. Giem-
sa-stained  cytofuge
preparation.

tially with a doubling time of about 6
hours. This doubling time is similar to
that seen in vivo. The parasites multi-
plied until approximately 2 x 10° para-
sites were present per milliliter of culture
supernatant. This maximum cell yield is
comparable to other culture systems
with established cell lines (7). Parasite
counts decreased exponentially after this
density was reached (Fig. 1A). The para-
sites could be maintained for over 2
months in a single marrow culture by
weekly feeding if the density was adjust-
ed to about 10* per milliliter at the time
of feeding. Trypanosomes maintained in
such cultures remained fully infective for
mice; six out of six mice were success-
fully infected with ten trypanosomes
from a line that had been maintained in
culture for 10 weeks. The prepatency
period (4 days) and time to death (6
days) were comparable to results ob-
tained when mice were infected with ten
blood-passaged trypanosomes. Thus, the
virulence of this strain was maintained
during growth in culture. Analysis of
radioiodinated trypanosomes by electro-
phoresis on sodium dodecyl sulfate—
polyacrylamide gels revealed no differ-
ences in the surface proteins of trypano-
somes harvested from mice infected with
cultured or blood-passaged parasites (/2).

In established cultures, the trypano-
somes grew as typical slender blood-
stream trypomastigotes. Most of the try-
panosomes were free in the culture su-
pernatant (Fig. 2); a few were associated
with the feeder layer, as reported in
other culture systems (7). More trypano-
somes remained in the feeder layer in
bone marrow cultures that were less than
3 weeks old or when cultures were estab-
lished in 2-cm? tissue culture wells in-
stead of in flasks. When parasites and
marrow were cultured together for ex-
tended periods, many of the fibroblastic
and epitheloid cell colonies disappeared
from culture. The remaining cells includ-

ed many adipocytes organized in clusters
or long strands with epitheloid cells and
fibroblasts. Almost all the trypanosomes
were in the supernatant of such cultures.
Cultures that did not contain adipocyte
clusters did not support trypanosome
growth, even if large numbers of fibro-
blastic cells were present. Attempts to
culture trypanosomes without bone mar-
row cells, with nonadherent cells, or
with conditioned medium from long-term
marrow cultures (13) were unsuccessful.
These results suggest that the adherent
cells that develop during the first 3
weeks of cultivation of bone marrow
potentiate trypanosome growth and that
adipocyte-containing clusters either are
the critical cells or serve as a reliable
marker for the development of the criti-
cal cells.

Results consistent with this hypothesis
were also obtained from studies with
bone marrow cultures derived from ge-
netically anemic W/W" mice (8). Bone
marrow from these mice lacks hemato-
poietic stem cells but produces adherent
cells that will support the development
of competent stem cells from other
strains in vivo and in vitro (14). Thus if
adherent cells in marrow that support
hematopoiesis also support trypanosome
growth, one would expect W/W" mar-
row to be able to promote the growth of
T. gambiense in vitro. In addition, com-
petition for nutrients between trypano-
somes and developing blood cells would
be diminished in W/WY marrow cul-
tures. Figure 1B shows that 2-week-old
W/WV marrow cultures supported try-
panosome growth poorly; trypanosome
numbers decreased over a week. On
subsequent feeding of these cultures,
however, vigorous parasite growth oc-
curred. Infection of 3- and 4-week-old
W/WYV cultures resulted in parasite den-
sities similar to those obtained in compa-
rable BALB/cCr marrow cultures (Fig.
1B). The lag phase in the W/W" cultures
was somewhat longer than in BALB/cCr
cultures; this may reflect the lower initial
bone marrow cell input in the W/WVY
cultures. Again, the ability of the W/WV
marrow cultures to support trypanosome
growth coincided with the development
of adipocyte-epitheloid clusters. Little
hematopoiesis occurred in these cul-
tures, as expected. Attempts to grow
trypanosomes with conditioned medium
from W/WV cultures were unsuccessful.
Six of six mice were lethally infected
with ten trypanosomes from a line main-
tained 6 weeks in W/WY marrow cul-
tures.

Lines of T. gambiense have been con-
tinuously cultivated in vitro by subinocu-
lating parasites into 3- to S-week-old
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murine bone marrow cultures at 4- to 6-
week intervals. Growth in subculture
remains vigorous for 1 to 3 months. The
line currently being carried has been
serially passaged through five marrow
cultures in 7 -months. Both BALB/cCr
and W/WY marrow has been used suc-
cessfully to prepare subcultures.
Cultivation of pathogenic trypano-
somes with primary cultures of normal
host cells offers a means to explore a
variety of physiological interactions be-
tween host tissues and these extracellu-
lar parasites. My results suggest that
bone marrow adipocyte-epitheloid com-
plexes that potentiate hematopoiesis
may also potentiate trypanosome
growth., Three-week-old bone marrow
cultures are known to support active
hematopoiesis for several months when
recharged with fresh marrow as a source
of stem cells (8, 9). Thus this culture
system may also prove useful in elucidat-
ing postulated mitogenic or toxic influ-
ences of trypanosomes on blood cell
precursors (15). In addition, it should
permit the simultaneous screening of the
trypanocidal and marrow-suppressive ef-
fects of drugs or other agents in vitro. In
this regard, it is significant that human
bone marrow can be grown by methods
similar to those described here (16).
ANDREW E. BALBER
Division of Immunology, Box 3010,
Duke University Medical Center,
Durham, North Carolina 27710
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Serum Ferritin as a Predictor of Host Response to

Hepatitis B Virus Infection

Abstract. With hemodialysis patients, a high serum ferritin before there was
serological evidence of hepatitis B virus infection increased the likelihood that the
infection would be persistent. This finding suggested that hepatitis B virus is likely to
infect and actively replicate in liver cells with the propensity for increased ferritin
synthesis. The virus itself could stimulate the synthesis of ferritin in a cyclic positive
feedback mechanism that increases intracellular ferritin concentration and, eventu-
ally, intracellular iron. Transformed liver cells have low iron content, do not
replicate hepatitis B virus, and require iron for growth. Infected, nonmalignant liver
cells could supply iron to the transformed cells and nourish their expansion.

Variation in the response of humans to
infection by hepatitis B virus (HBV) is
one of the most perplexing aspects of the
biology of this virus. Females are more
likely than males to make antibody to the
viral surface antigen (HBsAg), whereas
males are more likely to become carriers
and to have HBsAg persisting in their
blood. The prevalence of antibody to
HBsAg increases with age, whereas sur-
face antigen frequency increases initially
and then declines after the teenage years
in most populations.

To identify factors that might contrib-
ute to the carrier state, we examined
males with Down’s syndrome because
they are highly susceptible to HBV in-
fection (/). We measured serum iron, in
addition to other variables, because iron
is often increased in patients with hepati-
tis. We found that serum iron and trans-
ferrin saturation values were higher in
the patients who were carriers than in
those who were not carriers. These find-
ings were confirmed in a study of male
and female patients undergoing hemodi-
alysis treatment (2).

Those studies established that the as-
sociation of increased serum iron with
the HBV carrier state was independent
of the increased serum iron resulting
from liver cell breakdown as measured
by alanylaminotransferase (ALT; for-
merly referred to as SGPT). However, it

was not possible to ascertain whether the
increased serum iron was a consequence
of HBV infection or, alternatively,
whether the carrier state occurred more
frequently in individuals with increased
serum iron.

In a retrospective cohort study of
patients treated with hemodialysis,
changes in iron level were measured
during a period in which HBV infection
was known to have occurred (3). Three
conditions had to be met for a patient to
be included in the study: (i) the patient
had to have at least one serum sample
that was positive for HBsAg; (ii) the
serum sample obtained 2 months before
HBsAg was first detected had to be
negative for both HBsAg and its anti-
body; and (iii) a serum sample had to be
obtained 12 months after HBsAg was
first detected (4). Fifty-four patients who
met these criteria during the period 1974
to 1981 were included in the analysis.
The key finding was that the amount of
iron in the serum before the initial find-
ing of HBsAg was no greater in individ-
uals destined to be carriers than in those
who proved to be transiently infected.

In blood, iron is transported by trans-
ferrin and is stored primarily in the liver
and spleen in the form of ferritin. Al-
though most of the ferritin in the body is
intracellular, it is found in low concen-
trations in the serum. In normal individ-
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