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Normal human serum inhibits Acanthamoeba (encephalitis isolate) binding to and cytotoxicity of human
brain microvascular endothelial cells, which constitute the blood-brain barrier. Zymographic assays revealed
that serum inhibits extracellular protease activities of acanthamoebae. But it is most likely that inhibition of
specific properties of acanthamoebae is a consequence of the initial amoebicidal-amoebistatic effects induced
by serum. For example, serum exhibited amoebicidal effects; i.e., up to 50% of the exposed trophozoites were
killed. The residual subpopulation, although viable, remained static over longer incubations. Interestingly,
serum enhanced the phagocytic ability of acanthamoebae, as measured by bacterial uptake. Overall, our results
demonstrate that human serum has inhibitory effects on Acanthamoeba growth and viability, protease secre-
tions, and binding to and subsequent cytotoxicity for brain microvascular endothelial cells. Conversely,
Acanthamoeba phagocytosis was stimulated by serum.

Acanthamoebae are free-living amoebae that can cause fatal
Acanthamoeba granulomatous encephalitis (AGE), which is
predominantly associated with immunocompromised patients
such as human immunodeficiency virus (HIV)-AIDS patients
(reviewed in references 9, 11, and 15). In addition, patients suf-
fering from other diseases such as diabetes, malignancies, mal-
nutrition, or alcoholism or who have debilitated immune
systems because of immunosuppressive therapy or other com-
plications are also susceptible to AGE infections. With the
growing HIV pandemic, it is reasonable to predict an increase
in the number of opportunistic infections. This is particularly
worrying in developing countries, where HIV patients have
limited or no access to novel antiretroviral therapies. Thus,
there is a need for continued efforts to (i) increase awareness,
(ii) develop rapid diagnostic methods, and (iii) understand
basic molecular mechanisms of host-parasite interactions,
which should help develop preventative and/or therapeutic
strategies. One of the major steps in AGE is invasion of the
bloodstream by amoebae, followed by their hematogenous
spread (12). Acanthamoeba entry into the central nervous sys-
tem most likely occurs at blood-brain barrier sites (12; personal
communication with the late A. J. Martinez, University of
Pittsburgh School of Medicine). Recent studies have shown
that acanthamoebae exhibit multifactorial properties to pro-
duce damage of human brain microvascular endothelial cells
(HBMEC), which constitute the blood-brain barrier (1–3, 16).
However, the effects of serum on Acanthamoeba interactions
with HBMEC are not known and were the objectives of the
present study.

Acanthamoeba castellanii (ATCC 50494) belonging to the T1

genotype was originally isolated from an AGE patient and
routinely grown in PYG medium (0.75% Proteose Peptone,
0.75% yeast extract, 1.5% glucose) at 30°C, and the medium
was refreshed 17 to 20 h prior to experiments as previously
described (16). This resulted in more than 95% acanthamoe-
bae in the trophozoite form. For in vitro assays, primary HB-
MEC were isolated from human brain tissue as described pre-
viously (16, 18) and routinely grown in RPMI 1640 medium
containing 10% fetal bovine serum (heat inactivated), 10%
NuSerum, 2 mM glutamine, 1 mM pyruvate, penicillin and
streptomycin, nonessential amino acids, and vitamins (16, 18).

Serum from healthy individuals inhibits Acanthamoeba ad-
hesion to HBMEC. Normal human serum was obtained from
Harlan Sera-Lab, Leicester, United Kingdom (tested negative
for HIV antibody and hepatitis B surface antigen). To deter-
mine whether normal human serum possesses Acanthamoeba-
specific antibodies, Western blotting assays were performed.
Using whole-cell lysates, we observed that normal human se-
rum possesses antibodies against Acanthamoeba antigens (data
not shown). To determine the effects of human serum on
Acanthamoeba binding to HBMEC, adhesion assays were per-
formed. Briefly, HBMEC were grown to confluence in 24-well
plates. Acanthamoebae (4 � 105 amoebae/well) were preincu-
bated with and without 20% normal human serum or heat-
inactivated serum (65°C for 30 min) in RPMI medium. Finally,
the suspensions (amoebae with or without serum) were trans-
ferred to HBMEC monolayers and plates were incubated at
37°C in a 5% CO2 incubator. After 1 h of incubation, the
unbound amoebae in the supernatant were counted with a
hemocytometer and the numbers of bound amoebae were cal-
culated as follows: number of unbound amoebae/total number
of amoebae � 100 � percent unbound amoebae. The numbers
of bound amoebae were deduced as follows: percent unbound
amoebae � 100 � percent bound amoebae. We observed that
serum inhibited amoeba binding to HBMEC monolayers

* Corresponding author. Mailing address: School of Biological and
Chemical Sciences, Birkbeck, College University of London, London
WC1E 7HX, England. Phone: 44-(0)207-079-0797. Fax: 44-(0)207-631-
6246. E-mail: n.khan@sbc.bbk.ac.uk.

2595



�50% (Fig. 1) (P � 0.05 by t test, paired, one-tail distribution).
This was not surprising, as the serum contained anti-Acanth-
amoeba antibodies. Heat inactivation abolished the serum ef-
fects, indicating that factors which inhibit amoeba binding to
HBMEC are proteinaceous in nature (Fig. 1).

Human serum inhibits Acanthamoeba protease secretion.
Recent studies have shown that Acanthamoeba extracellular
serine proteases play important roles in HBMEC monolayer
perturbations (2). This highlights a role for extracellular pro-
teases in facilitating the migration of acanthamoebae from the
systemic circulation into the deeper-lying tissues of the central
nervous system. To determine the effects of serum on Acanth-
amoeba proteases, conditioned medium (CM) was produced
by incubating acanthamoebae in the presence or absence of
normal human serum in RPMI medium for 24 h. Cell-free
supernatant (i.e., CM) was collected by centrifugation and
analyzed for protease activity with zymographic assays as pre-
viously described (7). In the absence of serum, we observed
two distinct proteases, i.e., 130-kDa and 150-kDa protease
bands (Fig. 2). The 130-kDa protease is sensitive to phenyl-
methylsulfonyl fluoride (a serine protease inhibitor), indicating
that it is a serine protease, and the 150-kDa protease is sensi-
tive to 1,10-phenanthroline (a metalloprotease inhibitor), in-
dicating that it is a metalloprotease (2). In contrast, CM pre-
pared in the presence of 20% human serum exhibited minimal
or no protease activity under the test conditions used. Again,
heat inactivation abolished the inhibitory effects of human
serum and protease activities were restored (Fig. 2).

Serum enhances Acanthamoeba phagocytosis. Previous stud-
ies have shown that phagocytosis is an important virulence
factor in the pathogenesis of Acanthamoeba infections (8, 13,
14). To determine the effects of serum on Acanthamoeba
phagocytosis with live Escherichia coli K-12, phagocytosis as-
says were performed. Briefly, acanthamoebae were incubated
with and without 20% serum in RPMI medium at room tem-
perature for 30 min. Acanthamoebae were washed with phos-
phate-buffered saline to remove any residual serum, and live E.
coli K-12 cells (107/well) were added. Plates were incubated for

45 min to allow phagocytic uptake, followed by addition of
gentamicin (final concentration, 100 �g/ml) and another 45
min of incubation to kill extracellular E. coli. The numbers of
acanthamoebae were determined by hemocytometer counting.
Finally, acanthamoebae were solubilized with 0.5% sodium
dodecyl sulfate and E. coli counts were determined by inocu-
lating lysates onto nutrient agar plates. This allowed the de-
termination of intracellular E. coli. The level of Acanthamoeba
phagocytosis was determined as follows: number of E. coli
CFU/total number of acanthamoebae � 100 � percent phago-
cytosis. Results are expressed as relative phagocytosis (the
percent phagocytosis in untreated acanthamoebae was consid-
ered 100%, and levels of phagocytosis in serum- and/or inhib-
itor-treated acanthamoebae are shown as percent change). We
demonstrated that acanthamoebae exhibited a significant in-
crease in bacterial uptake in response to serum (P � 0.05) (Fig.
3A). In an attempt to dissect the molecular mechanisms un-
derlying the serum-mediated increase in amoeba phagocytosis,
acanthamoebae were pretreated with genistein (a protein ty-
rosine kinase inhibitor) and sodium orthovanadate (a tyrosine
phosphatase inhibitor) prior to the addition of serum. We
observed that in the absence of serum, genistein partially de-
creased amoeba phagocytosis. However, in the presence of
serum, the inhibitory effects of genistein were reversed and
serum enhanced the phagocytic uptake of E. coli K-12 (Fig.
3A). Similarly, serum enhanced phagocytosis in sodium ortho-
vanadate (a tyrosine phosphatase inhibitor)-treated acanth-
amoebae (Fig. 3A). To visualize the effects of human serum
on Acanthamoeba phagocytosis, we performed phagocytosis
assays with fluorescein isothiocyanate (FITC)-labeled, heat-
killed E. coli K-12 as previously described (3). As shown in Fig.
3B, we observed that human serum stimulated the phagocytic
uptake of FITC-labeled E. coli. Overall, these data suggest that
serum enhances Acanthamoeba phagocytosis by modulating
protein tyrosine kinase pathways.

Human serum inhibits Acanthamoeba-mediated HBMEC cy-
totoxicity. To determine the effects of human serum on Acanth-
amoeba-mediated HBMEC death, cytotoxicity assays were per-

FIG. 1. Serum significantly (�, P � 0.05) inhibited Acanthamoeba
adhesion to HBMEC. These results are representative of three inde-
pendent experiments performed in triplicate. Bars represent standard
errors.

FIG. 2. Serum inhibits extracellular proteases of acanthamoebae.
CM was collected, and proteolytic activities were determined by zy-
mographic assays. Note that serum abolished Acanthamoeba pro-
teases. These results are representative of three independent experi-
ments. KD, kilodaltons.
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FIG. 3. (A) Serum enhances Acanthamoeba phagocytosis with live E. coli K-12. Untreated acanthamoebae were used as 100% phagocytosis,
and levels of phagocytosis in serum and/or inhibitor-treated acanthamoebae are shown as percent change. Serum exhibits a significant (�, P � 0.05)
increase in Acanthamoeba phagocytosis. These results are representative of three independent experiments performed in triplicate. Bars represent
standard errors. (B) Representative effects of serum on Acanthamoeba uptake of heat-killed, FITC-labeled E. coli. Note that serum enhanced
Acanthamoeba uptake of FITC-labeled E. coli. Magnification, �200.
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formed as previously described (16). Briefly, acanthamoebae
with and without human serum (20%) were added to HBMEC
monolayers and plates were incubated at 37°C in a 5% CO2

incubator for up to 24 h. At the end of this incubation period,
supernatants were collected and cytotoxicity was determined
by measuring lactate dehydrogenase release as previously de-
scribed (16) (cytotoxicity detection kit; Roche Applied Sci-
ence, Lewes, East Sussex, United Kingdom). In the absence of
serum, acanthamoebae produced severe HBMEC cell cytotox-
icity (up to 70%) within 24 h (Fig. 4). However, Acanth-
amoeba-mediated HBMEC cytotoxicity was inhibited in the
presence of serum (Fig. 4). Heat inactivation of human serum
did not completely abolish serum effects (Fig. 4). Overall, these

data show that human serum partially inhibits Acanthamoeba-
mediated HBMEC cytotoxicity.

Human serum induces an initial amoebicidal effect, followed
by amoebistatic activity. To determine whether the effects of
serum on Acanthamoeba properties are mediated via distinct
molecular mechanisms or simply an effect secondary to the
amoebistatic and amoebicidal properties of serum, assays were
performed. Briefly, various concentrations of serum were
added to acanthamoebae in 24-well plates (2.5 � 105 amoebae/
well) and the plates were incubated for various times. The
effects of serum on amoeba growth and viability were deter-
mined by hemocytometer counting and trypan blue exclusion
testing. For controls, normal growth rates of acanthamoebae
were determined with growth medium alone, i.e., PYG. We
observed that normal human serum exhibited an initial amoe-
bicidal effect; approximately 50% of the exposed trophozoites
were killed, supporting the previous findings that normal hu-
man serum exhibits amoebicidal effects (Fig. 5) (4). However,
a subpopulation of amoebae remained viable but cultures were
stationary over longer incubations (Fig. 5). The fact that serum
exhibited approximately 50% inhibition of amoeba binding to
HBMEC (similar to amoebicidal effects) suggests that the ef-
fects of serum on the properties of acanthamoebae are most
likely secondary to the amoebicidal and amoebistatic effects.
Our findings that a subpopulation of acanthamoebae resisted
serum-mediated killing support previous studies of Toney and
Marciano-Cabral (19) in that pathogenic acanthamoebae resist
serum killing. For such isolates, it is likely that both humoral
and cellular immune responses work in conjunction to exert
their amoebicidal effects (17). Of interest, similar findings were
obtained with a keratitis isolate of acanthamoebae (T4 geno-
type), suggesting that our findings may be relevant to other
species of Acanthamoeba (data not shown).

Human serum induces Acanthamoeba clustering. An inter-
esting observation was that human serum induces acanth-
amoebae to form aggregates and/or clusters in a concentration-

FIG. 4. Serum significantly (�, P � 0.05) inhibited Acanthamoeba-
mediated HBMEC cytotoxicity. Heat inactivation partially restored
Acanthamoeba-mediated HBMEC cytotoxicity (not significant). These
results are representative of three independent experiments per-
formed in triplicate. Bars represent standard errors.

FIG. 5. Human serum exhibits amoebicidal and amoebistatic effects. At a concentration of 20%, serum exhibited an initial amoebicidal effects,
followed by an amoebistatic effect. In contrast, 100% serum exhibited an amoebicidal effect for up to 24 h, followed by an amoebistatic effect. These
results are representative of three independent experiments performed in triplicate. Bars represent standard errors.
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dependent manner (Fig. 6A). Moreover, exogenous mannose,
but not other sugars, in the presence of serum induced strong
clustering of acanthamoebae in a concentration-dependent
manner (Fig. 6B), suggesting a possible role for mannan-bind-
ing lectin (MBL) in Acanthamoeba clustering in response to
serum. Other sugars such as fucose and galactose did not
exhibit such effects; therefore, this was not an osmotic effect of
sugars. In human serum, MBL is a collectin that plays a role in
the innate immune response by binding to carbohydrates, spe-
cifically mannose, on the surface of microbes, activating the
lectin complement pathway. Interestingly, MBL levels are sig-
nificantly lower in HIV patients compared with healthy indi-
viduals (6), and MBL deficiency has been associated with in-
creased susceptibility to infectious diseases. Of interest, we
tested the role of MBL in serum-mediated clustering effects on
acanthamoebae. Our preliminary studies revealed that anti-
MBL antibody inhibited the clustering effects of serum (data
not shown).

In conclusion, these and other studies suggest that serum

factors in the presence of neutrophils or macrophages may play
important roles in targeting acanthamoebae (4, 5, 10, 17, 19)
and that normal human serum is adept at inhibiting amoeba-
mediated HBMEC cytotoxicity and support the idea that a
healthy immune response is sufficient to control and/or eradi-
cate these life-threatening pathogens. Future studies will fur-
ther clarify the mechanisms associated with Acanthamoeba
pathogenesis, which may help develop preventative and/or
therapeutic interventions.
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