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Summary. - The obligate intracellular rickettsia Coxiella burnetii has previously been reported to reach the 
mtravacuolar compartment of host cells by phagocytosis. With the aim to further examine the mechanisms of 
C. burnetii internalisation, macrophage monolayers were treated with well characterised inhibitors of endocytosis. 
The treatment with two general inhibitors, colchicine and methylamine, resulted in a pronounced dose-dependent 
decrease of radiolabeled phase II rickettsiae retained from the intracellular fraction. A third inhibitor used, amiloride, 
has been reported to reduce effectively clathrin-independent pinocytic pathways. The internalisation of C. burnetii 
was shown to be substantially reduced also by amiloride and the effect was dependent on its concentration. 
The passive role of C. burnetii in the internalisation was verified by using heat-killed C. burnetii. Host cells 
treated with either of the three inhibitors (amiloride, colchicine and methylamine) showed a similar reduction 
of intracellular C. burnetii after exposure to killed as well as live orgamsms.The data presented indicate that 
different endocytic mechanisms, pinocytosis as well as phagocytosis, may mediate the uptake of C. burnetii 
by a host cell. 
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Introduction 

Many bacteria possess specific components for invasion 
of host cells and enter by mechanisms requiring participation 
of  both the host and bacterium, while others completely rely 
on cellular functions, namely endocytosis (Moulder, 1985). 
Endocytic mechanisms, phagocytosis and pinocytosis, are 
cellular phenomena with several common features used by 
most eukaryotic cells to efficiently internalise and transport 
various molecules into the cells (Goldstein et al., 1979). 
Endocytic processes occur at high rate and include the 
formation of  plasma membrane vesicles and vacuoles. 
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Phagocytosis is an efficient process of  internalisation of  
a variety of microbes (Ofek et al., 1992). Four morphologically 
distinct pinocytic pathways have been characterised, i. e. 
the clathrin-dependent pinocytosis (coated pits) and the 
formation of non-coated pinocytic vesicles, macropinosomes 
and caveolae (Lamaze and Schmid, 1995; Watts and Marsh, 
1992). Some of these pathways have been described as ways 
of internalisation of bacterial species. E.g., members of  the 
obligate intracellular species Chlcimydiaceae are reported 
to exploit at least two pinocytic entry mechanisms in addition 
to phagocytosis (Hodinka and Wyrick, 1986; Hodinka et 
al., 1988). One of the entry mechanisms is mediated by 
coated pits, another proceeds via an inducible pinocytic 
pathway independent of  clathrin (Reynolds and Pearce, 
1990). Recently, the existence o f  a macropinocytic uptake 
process was described for invasive Salmonella typhimurium 
(Alpuche-Aranda etal., 1994; Francis et al., 1993). Rather 
than generating a localised membrane response close to the 
bacterium, it stimulates a larger portion of  the macrophage 
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surface. A bacterium that contracts the macrophage surface 
is  caught  a s  the membrane r u f f l e s  close to f o r m  an 
intracellular vesicle. 

The caveolar vesicles, which are approximately 95 nm 
in diameter, have never been associated with bacterial 
transport and can hardly be  expected do so due to their small 
size (Anderson, 1993). 

The Q fever agent C. burnetii is an obligate intracellular 
rickettsia. The organism infects a number of cell types 
including monocytes,  macrophages and a variety o f  
transformed cells, where the bacteria grow and develop 
exclusively within the acidic phagolysosomes (Baca and 
Paretsky, 1983; Hackstadt and Williams, 1981). The ability 
to invade and subsequently grow within eukaryotic cells 
is a key virulence factor for  organisms like C. burnetii, 
which require an intracellular environment f o r  their 
multiplication. 

C. burnetii has previously been reported to reach its 
internal niche by  phagocytosis (Brezina and Kazár, 1965; 
Wisseman et al., 1967; Burton et al., 1971; Kazár et al., 
1975; Kishimoto and Walker, 1976; Baca et al., 1993). It 
does not actively promote its entry, but rather enters passively 
(Brezina and Kazár, 1965; Wisseman et al., 1967; Kazár et 
al., 1975; Baca et al., 1993). 

There are several inhibitory substances available for  
studies o f  general uptake processes in eukaryotic cells. 
The cytochalasins effectively inhibit phagocytosis b y  
blocking elongation of  actin filaments by interacting with 
the polymerising ends of  the fi laments (Casella et al., 
1981).  Colchicine i s  another substance reported to 
interfere with endocytosis. It acts on the polymerisation 
o f  microtubul i  b y  b inding  to and inducing a local  
unfolding of  the growing ends (Sackett and Varma, 1993). 
A n o t h e r  i n h i b i t o r ,  m e t h y l a m i n e ,  i n a c t i v a t e s  the  
membrane enzyme transglutaminase, which catalyses 
cross-linking of  proteins (Kaplan and Keogh, 1981). The 
enzyme i s  reported to have  a s igni f icant  role in the 
m e m b r a n e  c r o s s - l i n k i n g  and r e c e p t o r - m e d i a t e d  
endocytosis (Davies et al., 1980; Lorand et al., 1976). 
A third substance, which has been used in studies of cell 
pathways of  nutrient uptake, is amiloride (West et al., 
1989). It blocks the Na+/H+ exchange and is also reported 
to interfere with a number of receptors and the formation 
o f  pinosomes but not coated pits (Hewlett et al., 1994). 

T h e  a i m  o f  t h i s  r e p o r t  w a s  t o  e v a l u a t e  the  
internalisation of  C. burnetii in the presence or absence 
of  the inhibitors methylamine, colchicine and amiloride. 
Phase II organisms were used as a model because of  their 
ef f ic iency in internalisation. The ef fect  of the inhibitors 
suggests  that, in addition to phagocytosis, the uptake o f  
C. burnetii b y  m a c r o p h a g e s  m a y  b e  m e d i a t e d  b y  
a pinocytic process. 

Materials and Methods 

C. burnetii Nine Mile strain in phase II, kindly provided by 
L. Mallavia, Pullman, WA., USA, was used in the study. It was 
grown in the BGM cell line (Flow Laboratories) in Minimal 
Essential Medium (MEM) supplemented with Earle's salts, 
2 mmol/1 L-glutamine, 0.2 % NaHCO,, 5% heat-inactivated 
foetal bovine serum (Nordcell) and 1% non-essential amino 
acids (Sigma). Confluent cell layers were infected with 
C burnetii and incubated at 37"C. Fresh medium was added 
after 20 - 24 hrs. C. burnetii was collected from the medium 
of actively growing cultures after 7-8 days by differential 
centrifugation. An initial centrifugation at 1,500 x g for 8 mins 
at 4°C removed the cell debris, while a second centrifugation 
at 16,500 x g for 30 mins at 4"C pelleted the rickettsiae. 
Mycoplasma testing of infected cell cultures was periodically 
performed using the Mycoplasma PCR Primer Set (Stratagene) 
and standard techniques. 

P38SDI cells The mouse macrophage-like cell hneP388Dl 
(AT C C TIB 63) was  cultured m RPMI-1640 medium 
supplemented with penicillin (100 IU/ml), streptomycin 
(100 (ig/ml) and 5% (v/v) heat-inactivated Myoclone Super Plus 
foetal bovine serum (Gibco) in a humified 6% CO, atmosphere 
at 37°C. Two days prior to the infection, the cells were scraped 
off, washed and diluted to 1 x 106 cells per flask m medium 
without antibiotics. 

Labelling of C. burnetii. A modification of an in vitro acidic 
activation buffer system was used for labelling of the rickettsiae 
(Thompson et al., 1990). Extracellular C. burnetii was isolated 
as described above, washed twice and finally resuspended in 
buffer A (10 mmol/1 NaCl and 20 mmol/1 KH,P04  pH 6.8) to 
a concentration of 1010 organisms per ml. After 3 hrs at room 
temperature, the suspension was supplemented with buffers B and 
C. The final concentration of buffer B (pH 4.5) was 20 mmol/1 
KH,PO„ 100 mmol/1 KC1, 10 mmol/1 NaCl and 20 mmol/1 
MgCl2 "and buffer  C was 250 mmol/1 sucrose, 5 mmol/1 
glucose, 5 mmol/1 glutamate, 80 mmol/1 glycine and 0.1 mmol/1 
each of alanine, valme, leucine, isoleucine, proline, serine, 
threonine, phenylalanine, tyrosine, tryptophane, lysine, 
arginine, histidine, aspartate, asparagine, cysteine and 
glutamine. After the addition of [15S] L-methionine (specific 
activity 1,000 Ci/mmol) to final activity of 250 (jCi/ml, the 
mixture was incubated at 37"C overnight. The labelled 
rickettsiae were washed twice in phosphate-buffered saline 
(PBS) and aggregates were el iminated by running the 
suspension through a syringe. The number of rickettsiae was 
initially estimated by spectrophotometry at A565 and a standard 
curve was constructed by measuring the turbidity of serial 
dilutions of an enumerated rickettsial suspension (Waag et al., 
1991). The titers of the rickettsial suspensions used in the 
experiments were verified by a titration method using shell vial 
cultures (Schneider, 1989). Labelled rickettsiae (6 x 10") were washed in PBS, resuspended 
in 0.5 ml 0.1 mol/1 phosphate buffer pH 5.5, applied on a sucrose 
density gradient (25 - 60%)(Wachtere«a/., 1975) and centrifuged 
at 105,000 x g for 40 hrs in a Beckman XL90 ultracentrifuge. The 
absorbance (A2g0) and radioactivity (cpm) were measured m each 



TU JUL IN, E. et al: C. BURNETII INTERACTION WITH HOST CELLS 127 

fraction (1 ml). The rickettsiae were heat-killed by incubation in 
PBSat65"C for 1 hr (Ransom and Huebner, 1951; Williams, 1991). 

Studies of uptake. Cell layers in 25 cm2 tissue culture flasks 
were pre-incubated with the inhibitors methylamine, colchicine 
or amilonde for 15 mins at 37"C and the labelled rickettsiae 
(0.2 - 1.4 x 106cpm per 1 x 10s rickettsiae) were added at 
multiplicity of infection of 100 rickettsiae per cell. After 
incubation at 37"C, the non-bound rickettsiae were removed, 
the cell layers were washed three times with 5 ml of cold PBS 
and scraped off into 1.5 ml of PBS. Total cell-associated 
rickettsiae were determined by liquid scintillation counting 
(Beckman LS 5,000 CE) in one third of the suspension. Cells 
in the rest of the suspension were lysed by intensive shaking 
for 3 mins and centrifuged for 8 mins at 1,500 x g to remove 
cell debris. The rickettsial content of the supernatants 
(intracellular fraction) was determined by liquid scintillation 
counting and expressed in cpm, which was taken for rough 
estimate of the amount of internalised rickettsiae. 

Inhibitors. Stock solutions were prepared as 
follows: 200 mmol/1 colchicine was dissolved in culture 
medium containing 0.4% dimethyl sulphoxide (DMSO), 
400 mmol/1 methylamine was made in cultute medium and 
100 mmol/1 amtloride was prepared in 0.4% DMSO (all 
inhibitors were from Sigma). The cell viability after treatment 
with the inhibitors was estimated by the trypan blue exclusion 
andMTT tests (Bagge Hansen et al., 1989; Philips, 1973). The 
uptake of trypan blue by dead cells is due to a reduced 
permeability barrier. The MTT test of mitochondrial enzyme 
activity involves conversion of a tetrazolium salt (MTT) to 
a coloured product, the concentration of which is 
spectrophotometrically (A565) measured. 
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Fig. 1 
Sucrose density gradient centrifugation of  |3 5Sl-methionine-labelled 

C. burnetii 
Density gradient made from 25 - 6 0 %  sucrose, centrifugation at 
105,000 x g for 40 hrs, Beckman XL 90 ultracentrifuge, 1 ml fractions. 
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Fig. 2 
Kinetics of  b inding a n d  internalisation o f  [35S]-methionine-labeIled 

C. burnetii b y  P388D1 cells 
Means of triplicate samples ± SD from 3 experiments, cell-associated 
(•) and intracellular (A ) radioactivity. 

We studied the uptake of  C. burnetii by  P388D1 cells 
over a period of  4 hrs using [3 5S]-methionine-labelled 
p h a s e  II r icket t s iae .  The r icket t s iae  used  in these  
experiments were collected from the supernatants o f  
continously growing cells and labelled in a cell-free in vitro 
system. The rickettsiae separated by  sucrose density 
g r a d i e n t  w e r e  s h o w n  to cons i s t  o f  a heterologous  
population with [35S]-methionine incorporated in the small 
cell fractions (peak 1) as well as the large cell fractions 
(peak 2) (Fig. 1) (Wachter et al., 1975). 

The incubation w a s  interrupted after various intervals 
and the total cell-associated rickettsiae and rickettsiae in 
supernatants of  lysed cells were determined. The cell-
associated rickettsiae were detectable within 20 mins and 
increased steadily during the incubation period (Fig. 2). 
The internalised rickettsiae (intracellular fraction) showed 
a minimal initial increase during the f i rs t  4 0  mins. Later 
on, there w a s  a reproducible increase o f  radioactivity o f  
the intracellular fraction. 

Inhibition experiments 

C u l t u r e s  o f  P 3 8 8 D 1  c e l l s  w e r e  i n f e c t e d  w i t h  
r a d i o l a b e l e d  C. burnetii in  t h e  p r e s e n c e  o f  the  
endocytos i s  inhibi tors  colchicine,  methy lamine  or 
amiloride, respectively. Af ter  3 hrs of  incubation at 37"C, 
the infection was interrupted and the intracellular fraction 
of  labelled rickettsiae w a s  estimated. Colchicine-treated 
cells  showed a marked reduction o f  the intracellular 
fraction and the effect was  dose-dependent. The treatment 
wi th  low concentrations (1.25 - 2.5 mmol/1) caused 
a 67  - 5 0 %  reduction of  the intracellular fraction. A t  the 
highest concentration used in these experiments, i. e. 
10 mmol/1, this fraction w a s  reduced to 3 0 %  o f  the 
control (Fig. 3). 

A strong dose-dependent inhibition of  internalisation of 
C. burnetii was observed also in methylamine-treated cells 
(Fig. 3). The concentrations ranged from 5 to 4 0  mmol/1 
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Fig. 3 
Effcct of  endocytosis inhibitors on  the internalisation of  C. burnetii 

P388D1 cells pre-incubatcd with colchicinc (0.6 - 10 mmol/l), mcthylaminc (5 - 40 mmol/l) or amiloride (0.25 - 2.5 mmol/l) for 15 mins, and then 
infected with the rickettsiae for 3 hrs. Means of triplicate samples ± SD from 3 experiments. 
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Fig. 4 
Effect of endocytosis inhibitors on mitochondrial enzyme activity of uninfected P388D1 cells 

Cells incubatcd with colchicinc (1 2 5 - 1 0  mmol/l), methylamine (5 - 40 mmol/l) or amiloride (0.25 - 2.5 mmol/l) for 3 hrs. Mitochondrial enzyme 
activity determined by the MTT test (A ). The bars represent means of duplicate samples ± SD. 

and at the highest concentration the reduction of intracellular 
rickettsiae was approximately to 20% of  the control. 

T r e a t m e n t  o f  P 3 8 8 D 1  ce l l s  w i t h  ami lo r ide  i n  

concentrations of 0.25 - 2.5 mmol/l also caused a substantial 

dose -dependen t  reduc t ion  o f  t h e  up take  (Fig.  3).  A t  

2 . 5  m m o l / l ,  a m i l o r i d e  i n h i b i t e d  t h e  C. burnetii 

internalisation to about 40% of the control (Fig. 3). 

Effect of inhibitors on uninfected cells 

The effect of the three inhibitors on uninfected P388D1 cells 
was monitored in parallell cultures. The cell layers were visually 
examined for  changes in cell form and adherence, and the cell 
viability was determined by the trypan blue and MTT tests. 
For comparison, non-treated cells were all adhering to the 
surface and approximately 20% of them were rounded up. The 
effect of colchicine was most apparent. The examination showed 
that 5 mmol/l colchicine had a negative effect on the cell 
morphology with approximately 55% of the cells rounded up. 
After 3 hrs of treatment with 10 mmol/l colchicine, 98% of 

the cells were still adhering to the surface, but almost all of 
them were rounded up. Approximately 3 %  of the cells were 
stained by trypan blue. The MTT test showed only slightly 
affected cells at low concentrations but a 50% reduction of 
mitochondrial enzyme activity in cells treated with 10 mmol/l 
colchicine (Fig. 4). There was a dose-dependent reduction in 
the activity at increased concentrations of colchicine. 

The effects of methylamine and amiloride on  the cells in 
general were not as pronounced as that of colchicine. The 
cells incubated with methylamine at concentrations up  to  
40  mmol/l retained the mitochondrial activity as monitored 
by the MTT test (Fig. 4). The activity o f  the cells incubated 
with lower concentrations of amiloride was the same as that 
of non-treated cells and only a slight reduction was observed 
at higher concentrations, i. e. to  80% of the  control at 
2.5 mmol/l amiloride (Fig. 4). 

Furthermore, the effects o f  methylamine and amiloride 
on  the cells was not clearly visible. At  2.5 mmol/l amiloride, 
the  highest  concentration used, all the  cel ls  were still 
adhering to the surface and only about 30% of  them were 
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Fig. 5 
Effect  of  endocytosis inhibitors on internalisation of  non-viable 

C. burnetii i n  P388D1 cells 
Cells monolayers pre-treated with colchicinc (1.25 - 20 mmol/l), 
methylamine (5 - 20 mmol/l) or amiloride (0.1 - 2.5 mmol/l), and then 
infccted with heat-killed rickettsiae. Means of triplicate samples ± SD 
from 2 experiments. 

rounded up. None of  the concentrations used caused an  

u p t a k e  o f  t r y p a n  b l u e .  A t  lower  c o n c e n t r a t i o n s  o f  

methylamine, 30  to 50% of the cells had affected the cell 

morphology, and at the highest concentration approximately 

85% of  the cells were rounded up. However, they were all 

adhering to the surface and only about 3 %  of them had 

increased membrane permeability. 

Passive mode of entry 

The passive mode of  entry of  C. burnetii into cell was 
verified in this experimental system. C. burnetii was heat-
killed at 65°C for  1 hr  and used inhibition experiments with 
P388D1 cells. It was found that the percentage of the non­
viable rickettsiae in the intracellular fraction was reduced 
by  the three inhibitors in a dose-dependent manner (Fig. 5). 

Discussion 

Cells maintain a high endocytic rate as a consequence 
of  the fact that most internalised membrane components 
are no t  degraded but recycled back to the cell surface 
(Kaplan and McVey Ward, 1990). A s  a result, there are 
always suitable binding sites available on  the cell surface 
for  bacteria, which use endocytosis for  a passive uptake. 

The members o f  the intracellular species Chlamydiaceae 
are reported to  be  effectively internalised and utilise both 
phagocytic and pinocytic modes o f  entry (Reynolds and 
Pearce, 1990; Moulder, 1991). One type of  pinocytosis is 
mediated by coated pits, while the other occurs via inducible 
clathrin-independent pinosomes. 

C. burnetii s h o w  m a n y  s i m i l a r i t i e s  w i t h  t h e  
Chlamydiaceae s p e c i e s ;  they  a re  b o t h  in t race l lu la r  

organisms that alternatively exist in a metabolically inactive, 
infectious form and a metabolically active, intracellular 
growth form (Baca and Paretsky, 1983; Moulder, 1991). 
Both  Coxiella and  Chlamydia species are reported not to 
expend energy in gaining entrance to their host cells, i. e. 
they are solely depending on host cell mechanisms for  their 
internalisation (Moulder, 1991; Baca e ra / . ,  1993). 

A n  endocytic mode of internalisation of  C. burnetii by 

mouse fibroblast cells was first demonstrated by electron 

microscopic studies (Burton etal., 1971). It was later shown 

that phagocytosis of  in vivo labelled C. burnetii, isolated from 

the intracellular compartments of host cells, was inhibited by 

high concentrations of cytochalasins (Baca et al., 1993). 
In this paper, we have further examined the pathways o f  

internalisation of  C. burnetii by using well-known inhibitors 
o f  endocytosis. The  rickettsiae used in the  study were 
collected f rom culture supernatants containing a variety of 
sizes of the rickettsia (Heinzen, 1997) The presence of small 
as well as large sizes of the labelled rickettsiae was verified. 
This size spectrum of  C. burnetii organisms extends f rom 
particles that might be  predicted to enter the host cell by 
pinocytosis to those for  which phagocytosis seems the most 
plausible mode of entry (Pratten and Lloyd, 1986). It might 
b e  o f  advantage for an obligate intracellular organism like 
C. burnetii to use passively various efficient pathways o f  
internalisation and thus to ensure an  efficient multiplication. 

The experimental system used in this study was based 
on the content of radioactivity in the intracellular fraction 
of cells infected for  3 hrs with the labelled rickettsiae. This 
fraction was obtained f rom the supernatant o f  carefully 
washed  cel ls  which  have b e e n  lysed b y  shak ing  a n d  
centrifuged. Loosely bound rickettsiae were lost in the 
washing steps and thus the rickettsiae retained f rom the 
supernatant were mainly intracellular. 

T h e  resu l t s  s h o w  tha t  a m i l o r i d e ,  c o l c h i c i n e  a n d  
m e t h y l a m i n e  subs t an t i a l l y  r e d u c e  t h e  a m o u n t  o f  
radiolabelled C. burnetii obtained f rom the intracellular 
fraction of lysed cells. The reduction was dose-dependent 
and the effect was obvious also at low concentrations of the 
inhibitors. The general negative effects o f  amiloride and 
methylamine o n  uninfected cells was  weak.  Thus ,  the  
reduction of the rickettsiae in the intracellular fraction could 
be  due to a specific inhibition of  uptake of  the rickettsiae 
by the host cell. 

In contrast to amiloride and methylamine, colchicine 
seemed to have a more general negative effect on  the cells. 
It caused a strong dose-dependent reduction of mitochondrial 
enzyme activity and there was an  obvious effect on the cell 
morphology also at low concentrations of the inhibitor. Thus, 
the inhibitory effect o f  colchicine on  internalisation of  
C. burnetii in this system might b e  due to a more general 
reduction of the cell activity and might not b e  associated to 
inhibition of uptake processes per se. 
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Incubation of  macrophages with methylamine has been 
demonstrated to cause a dose-dependent inhibition of  
pinocytosis as well as phagocytosis (Teshigawara et al., 
1985; Kaplan and Keogh, 1981). However, pinocytosis was  
more sensitive to low concentrations of methylamine than 
phagocytosis; the concentration of  methylamine which 
inhibited pinocytosis (2 mmol/1) w a s  one-tenth of  that 
inhibiting phagocytosis (20 mmol/1). The results presented 
in this paper show a marked effect of  methylamine on the 
intracellular fraction at lower ( 5 - 1 0  mmol/1) as well as 
and higher concentrations (20 mmol/1 and more). This 
implies  a methylamine block o f  pinocytic as  wel l  as  
phagocytic internalisation of  C. burnetii. 

Amiloride is reported to interfere with the clathrin-
independent pinocytosis but not the formation of  clathrin-
dependent pinosomes (West et al., 1989). The intracellular 
fraction of  C. burnetii is efficiently reduced in amiloride-
treated macrophages and the pathway used by the rickettsiae 
is consequently considered not to involve clathrin. 

In conclusion, the present results indicate that, by  analogy 
to the Chlamydiaceae species, C. burnetii may utilise several 
cell uptake pathways of  a passive mode of  internalisation. 
Obligate intracellular bacteria like Chlamydiaceae and 
C. burnetii s h o u l d  h a v e  g r e a t  b e n e f i t  o f  mul t ip le  
mechanisms of entrance into host cells. The heterogeneous 
size population of extracellular C. burnetii offers suitable 
particle sizes for  both the pinocytic and phagocytic modes 
of  uptake. Furthermore, the utilisation of entrance pathways 
other than phagocytosis by C. burnetii may explain the broad 
host cell range of  this rickettsia. 
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