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ABSTRACT

Ricin, a potent ribosome-inactivating hetero-dimeric protein toxin (66kDa) produced in the seeds
of the castor bean plant (Ricinus communis), is a Category B Agent on the Centres for Disease
Control (CDC) Select Agent List. Using human small airway epithelial cells, this is the first study
to investigate the time- and dose-dependent cytotoxic effects of ricin in a human cell line. Ricin (1-
100pM) produced a time- and dose-dependent decrease in small airway epithelial cell survival.
Ricin (10 and 100pM) reduced cell survival to 57% and 50% respectively, after 12 hours exposure
and to 12% cell survival after 24 hours exposure to the toxin. Washing cells after 1-5 minutes
exposure to ricin (0.01-100pM) prevented any significant ricin-induced SAE cell death. However,
after washing cells exposed to ricin for 15 or 30 minutes, there was a significant reduction in SAE
cell survival (84% and 71%, respectively, for 10pM and 45% and 31%, respectively, for 100pM). The
results suggest that the binding of ricin to the cell surface and subsequent intracellular uptake and
cell death appears to be irreversible by washing between 5 and 15 minutes following exposure to
the toxin. There may be a window of opportunity for treatment, and therefore prevention, of some
lung cell death up to 12 hours after aerosol exposure to ricin given that there was some survival of
human lung cells after this time of exposure.
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Time- and Concentration-Dependent Cytotoxicity of
Ricin in Human Lung Epithelial Cells

Executive Summary

Ricin is a potent protein toxin produced in the seeds of the castor bean plant. The
production of ricin is a relatively simple and inexpensive process which requires the
use of non-specialised equipment. The ease of production coupled with the
widespread availability of the raw material, make it a biological threat agent. In
addition, the delay in the onset of symptoms and a lack of specific treatments
necessitate further elucidation of the mechanisms involved in ricin intoxication to assist
the development of improved therapeutic countermeasures for this toxin.

There have been over 750 documented cases of ricin intoxication in humans with the
vast majority of clinical cases involving ricin poisoning via castor bean ingestion.
However, in the case of deliberate dissemination of ricin, dispersal by aerosol is
considered to pose the greatest threat. Clinical symptoms following the inhalation of
large amounts of ricin include difficulty breathing, fever, cough, nausea, pain of the
joints and tightness in the chest. Victims may also suffer heavy sweating, have fluid in
their lungs and their skin may have a purple tinge due to deficient oxygenation of the
blood. Death may occur 24-72 hours later due to fluid accumulation in the lungs or
respiratory failure, either with or without low blood pressure and organ failure. If
death does not occur within 2-3 days, the patient will normally make a slow recovery
(Balint, 1974; Rauber et al., 1985; Challoner et al., 1990; Bradberry, 2003).

To date, there is no therapy available for the direct treatment of ricin intoxication. The
only indicated treatment is that of supportive medical care, including (as required)
artificial respiration, administration of medications against seizures and low blood
pressure, and replacement of electrolytes and fluids (in the case of severe diarrhoea
and/or vomiting). Furthermore, although there have been a number of attempts to
produce a ricin vaccine, there are none approved for human use.

In the present study, ricin produced both time- and concentration-dependent
cytotoxicity of human lung cells. The cell death seen after 12 hour exposure to the toxin
was not as great as that seen following 18-24 hour exposure to ricin. Given that there
was some survival of human lung cells after the 12 hour exposure to ricin, there may
be a treatment window available of up to 12 hours following aerosol exposure to ricin
to prevent and/or inhibit further lung cell death. The binding of ricin to the cell surface
and the consequent cascade of intracellular events that trigger the death of some
human lung cells appears to be irreversible by washing after 15 minutes exposure to
the toxin. This suggests that after this exposure time some lung cell death is inevitable.
Collectively, these findings not only highlight the difficulties associated with treating
ricin poisoning, but also the need to develop therapies that target inhibition of the



initial binding of ricin to the cell surface, as well as the cytotoxic effects of ricin that
lead to cell death once it has been internalised.

The cytotoxicity assay used in the present technical report offers a simple and
reproducible means of investigating the cytotoxic effects of ricin without the use of
animals. In addition, other biological toxins and toxic chemicals may also be tested
using this assay. A greater understanding of the mechanism(s) of the action of toxins of
biosecurity importance will pave the way for the development of new therapeutics or
treatment regimes and improvement of current medical support.
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1. Introduction

Ricin, a potent protein toxin (66kDa) produced in the seeds of the castor bean plant
(Ricinus communis), constitutes 5-10% of the total protein content of the seeds (O'Connell et
al., 2002). During the industrial production of castor oil, Ricinus seeds are pressed and the
oil is extracted, leaving a ricin-rich pulp waste. It is estimated that more than one million
tons of Ricinus seeds are processed globally each year (Mistry, 2004). The ease of
production, requirement of limited specialised tools coupled with the wide-spread
availability of the raw material and its extreme cytotoxicity, make it a biological threat
agent. Indeed, recent links between the toxin and non-research groups in both the USA
(Gibson, 2003) and the UK (BBCNews, 2003) are evidence of its production for non-
scientific purposes.

Ricin is a ribosome-inactivating hetero-dimer consisting of a 32-kD A-chain that is
disulfide-bonded to a 32-kD B-chain (Robertus et al., 1987). The B-chain is a lectin that
binds to terminal galactose residues on cell surface components and mediates the binding
and entry of the holotoxin (that is, the A- and B-chain complex) into cells (Lord et al., 2003),
thereby promoting endocytosis and trafficking of ricin from early endosomes to the trans-
Golgi network (Bigalke et al., 2005). Once inside the cell, the ricin A-chain uses its
endonuclease activity to inhibit protein synthesis (Greenfield et al., 2002). Ricin can also
bind to mannose receptors and mannose receptor-mediated uptake of this toxin has been
shown to occur in macrophages (Simmons et al., 1996) and rat liver endothelial cells
(Magnusson et al., 1993).

It is widely accepted that the toxicity of ricin results from the inhibition of protein
synthesis. However, direct cell membrane damage, alteration of membrane structure and
function, activation of apoptosis pathways and release of cytokine inflammatory
mediators have also been demonstrated (Day et al., 2002; Griffiths et al., 1987; Hegde et al.,
1992; Hughes et al., 1996; Kumar et al., 2003; Lombard et al., 2001; Morlon-Guyot et al., 2003;
Pappenheimer et al., 1974). In addition to the toxin ricin, castor bean plants also produce
another glycoprotein lectin, ricin communis agglutinin, which is not directly cytotoxic but
does have an affinity for red blood cells and can lead to agglutination and subsequent
hemolysis following intravenous administration (Balint, 1974; Hegde et al., 1992; Olsnes et
al., 1975).

The toxicity of ricin is species-dependent and varies according to the dose and route of
administration (Wilhelmsen et al., 1996). In mice, a 3-5pg/kg inhalational dose of ricin
killed 50% of animals within 60 hours in contrast to a 20mg/kg ingested dose which killed
50% of mice in 85 hours. The low oral toxicity reflects the limited absorption and
gastrointestinal digestion of ricin (Balint, 1974). Results from non-human primates
demonstrated a 24 hour delayed onset of action following inhalation exposure to ricin. All
rhesus monkeys died or were killed 36-48 hours after exposure and all displayed
significant lung damage, including multi-focal to coalescing fibrinopurulent pneumonia,
diffuse necrosis and acute inflammation of airways, with death resulting from
asphyxiation following massive pulmonary alveolar flooding (Wilhelmsen ef al., 1996). The
principal target of ricin-induced toxicity following inhalation exposure are the type I and II
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pneumocytes (Brown et al., 1997; Griffiths et al., 1995, Wilhelmsen et al., 1996). As
evidenced by a number of animal studies (Doebler et al., 1995; Griffiths et al., 1995; Roy et
al., 2003), there also appears to be no significant systemic absorption of ricin following
inhalation exposure and toxicity is mainly limited to the respiratory tract. In addition, it
should be noted that the lung deposition and lethality following ricin inhalation is
significantly influenced by particle size, with smaller particles (i.e. those that are micron-
sized) depositing much deeper in the respiratory tract and consequently causing a higher
incidence of death than larger particles (Griffiths et al., 1995).

To date, there have been over 750 documented cases of ricin intoxication in humans
(Vitetta et al., 2006) with the vast majority of clinical cases reporting ricin poisoning via
castor bean ingestion (Audi et al., 2005). The lethal oral dose in humans is estimated to be
1-20mg of ricin per kilogram of body weight (approximately 8 beans) (Audi et al., 2005).
However, in the case of deliberate dissemination of ricin, dispersal by aerosol is
considered to pose the greatest threat. Clinical symptoms seen following the inhalation of
significant amounts of ricin include dyspnea (difficulty breathing), fever, cough, nausea,
arthralgia (pain of the joints) and tightness in the chest. Further, victims may become
cyanotic with the manifestations of heavy sweating and pulmonary oedema (Challoner et
al., 1990; Furbee et al., 1997; Kinamore et al., 1980; Koch, 1942; Kopferschmitt et al., 1983;
Malizia et al., 1977; Meldrum, 1900; Palatnick et al., 2000; Rauber et al., 1985; Reed, 1998;
Satpathy et al., 1979; Wedin et al., 1986). Finally, death may occur 24-72 hours later as a
consequence of high permeability pulmonary oedema, acute respiratory distress
syndrome or respiratory failure, either with or without hypotension (Bigalke et al., 2005;
Kortepeter et al., 2001) and organ failure (Franz et al., 1997). If death does not occur within
2-3 days, the victim will normally make a slow recovery. To date, there is no therapy
available for the direct treatment of ricin poisoning. The only indicated treatment is
supportive medical care to minimise the effects of the intoxication, which is largely
dependent upon the route of exposure. Medical attention may include artificial
respiration, administration of medications against seizures and hypotension, and
replacement of electrolytes and fluids (in the case of severe diarrhoea and/or vomiting)
(Bigalke et al., 2005).

Although there have been a number of attempts to produce a ricin vaccine, the majority of
these efforts have been hampered by safety concerns arising from residual toxicity of
native material after formaldehyde treatment. Consequently, there is currently no ricin
vaccine approved for use in humans. A recent pilot study investigating the safety of a new
recombinant, genetically modified ribotoxin-A vaccine (RiVax) in a small group of healthy
human volunteers found that all 5 candidates who received the high dose of RiVax (100ug
once per month for 3 months) produced ricin-neutralising antibodies with minimal side
effects (Vitetta et al., 2006). However, the protective effects of this vaccine against ricin
inhalation are unknown.

This study investigates the toxicity of ricin in human small airway epithelial (SAE) cells. It
aims to elucidate the binding time of ricin to the cell surface and the time to death of SAE
cells, with regard to ricin concentration and time of exposure. These findings will
consequently provide insight into the treatment window available following inhalational
exposure to ricin. The use of these cells in an in vitro assay provides a simple, clinically
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relevant, non-invasive and reproducible means of testing the toxicity of ricin without the
use of animals. The cells will also provide a medel system for developing and evaluating
potential therapeutic components.

2. Methods and Materials

2.1 Materials

Normal human small airway epithelial (SAE) cells (1st passage) and basal serum-free
growth medium and growth factors were obtained from Cambrex BioScience Australia.
Trypsin-EDTA, ricin (RCAgo), neutral red (NR) in phosphate-buffered saline (PBS - cell
culture tested) and dimethyl sulfoxide (DMSO - ACS reagent) were all obtained from
Sigma-Aldrich Australia. Tissue-culture-treated 96-well microplates were obtained from
Costar® (product #3596).

2.2 Methods
2.2.1 Cell culture of SAE cells

Cells were cultured in a serum-free complete medium (SAGM) prepared from basal
medium and growth factors. Preparation of 2nd or 3rd passage cells was initiated by
thawing vials of 1st passage cells in a water bath (37°C). Aliquots of 1x10¢ cells were
resuspended in 15ml of SAGM in 75cm? vented culture flasks and incubated in an
atmosphere of 5% CO; at 37°C. The medium was exchanged for fresh SAGM every 2-3
days.

The cells were harvested when ~80% confluent by washing with PBS, exchanging the
medium for trypsin-EDTA and incubating cells at 37°C for 5-7 minutes. When cells were
detached, trypsin activity was slowed by adding an equivalent volume of SAGM in a 1:1
ratio. Cell suspensions were centrifuged (200g-force, 5 minutes) and the pelleted cells were
re-suspended in 5ml SAGM and re-centrifuged. For the seeding of cells in 96-well
microplates, cells were then re-suspended in the appropriate volume of SAGM to allow
100ul aliquots (each containing ~1x104 cells/well) to be dispensed as required.

2.2.2 Exposure of SAE cells to ricin

Aliquots of ricin stock solution were diluted in SAGM and sterilised by passage through a
0.22um Millex® filter. Cells were exposed to 100ul of ricin medium (0.01-100pM/well) for
the given time period (1 minute - 24 hours) before being washed three times with sterile
PBS. Where cells were washed after a 1-30 minutes binding time to establish the time taken
for ricin to bind to the cell surface, wells were then re-filled with fresh SAGM and cells
were incubated for a further 24 hours before the NR assay was performed. In the case of
cells exposed to ricin for 2-24 hours to establish the time to ricin-induced cell death, NR
was added to wells and the NR assay performed immediately after washing with PBS.
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2.2.3 Preparation of medium for NR assays

On the day of use, NR (50ng/ml) was prepared in SAGM and incubated at 37°C for at least
15 minutes before being added to wells.

2.2.4 Measurement of cell viability using NR uptake

Uptake of NR into viable cells was measured after cells were incubated in the NR medium
for three hours. Cells were washed twice with PBS prior to the extraction of NR with 0.3%
v/v HCl (1IM) in DMSO for one hour. The absorbance was measured at 540nm (TiterTek
MS212) and results were expressed as a % of the control (no ricin).

2.2.5 Statistics

Using the SigmaStat program, a paired t-test was performed on the mean absorbance data
(expressed as % of the control) obtained for each ricin concentration (0.01-100pM) and time
point (1 minute to 24 hours) performed. Differences were considered significant where a p-
value < 0.05 was obtained.

3. Results

3.1 Effect of ricin (0.01-100pM) on SAE cell survival: determination of time
for ricin-induced cell death

Actively proliferating SAE cells grown in tissue culture were exposed to a series of ricin
concentrations (0.01-100pM) over a range of time periods (2-24 hours). After the given
exposure time, excess, unbound ricin was removed by washing cells with PBS and the
neutral red assay was conducted immediately. Results indicated that ricin (0.01-100pM)
did not have any significant effect on SAE cell survival following a two hour exposure to
the toxin (n=4; Figure 1). This means that there was no detectable ricin-induced SAE cell
death after a two hour exposure to ricin. Therefore, for the purposes of these experiments,
the concentration-response curve for ricin-induced SAE cell survival following a two hour
exposure is not detectable and this curve may be used as the control comparator for ricin-
induced death occurring at other exposure times. This gives us an indication of human
lung cell survival (if any) at longer exposure times.
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Figure 1: Assessment of the time to SAE cell death following ricin exposure.

Effect of ricin (0.01-100pM) exposure (2-24 hours) on SAE cell survival (% of original). SAE cells
were cultured in serum-free complete medium in 75cm3 vented culture flasks and incubated in an
atmosphere of 5% CO; at 37°C. Cells were harvested when ~80% confluent and seeded onto 96 well
plates. Cells were washed after the ricin exposure (2-24 hours) and the neutral red assay was
performed immediately.

"Significantly different from 2 hour exposure to ricin (n=4).

#Significantly different from 4 hour exposure to ricin (n=4).

% Significantly different from 12 hour exposure to ricin (n=4).

Ricin (1-100pM) produced a time- and dose-dependent decrease in SAE cell survival after
24 hour exposure to the toxin (n=4; Figure 1). After this time period, 75.5 + 7.3% of SAE
cells survived exposure to ricin (1pM), compared with only 12.2 + 5.3% and 12.1 + 11.3% of
SAE cells surviving exposure to higher concentrations of ricin (10 and 100pM, respectively;
n=4; p<0.05; Figure 1). At these concentrations of ricin, cell death was significantly greater
after 18 (16.3 £ 15.5% and 3.09 + 1.8% of control, respectively; n=4; p<0.05; Figure 1) and 24
hours compared with that seen at the same concentrations following a 12 hour exposure
(57.1+6.6% and 49.7 + 6.3% of original, respectively) to the toxin (p<0.05; Figure 1). After 4
hours, ricin (100pM) significantly reduced cell survival to 45.0 + 8.5% of the original
(p<0.05; Figure 1), but did not have an observable effect on SAE cell survival at the lower
toxin concentrations tested (0.01-10pM). In addition, cells exposed to ricin (<0.1pM)
survived 24 hour exposure to the toxin and significant cell death manifested with 1pM of
ricin after 24 hours. Therefore, 24 hour post-exposure to ricin was selected as the standard
time-point for subsequent assessments.
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3.2 Effect of washing on SAE cell survival following exposure to ricin
(0.01-100pM): determination of time for ricin to bind to cell surface

Actively proliferating SAE cells grown in tissue culture were exposed to a series of ricin
concentrations (0.01-100pM) over a range of time periods (1-30 minutes). After the given
binding time, excess, unbound ricin was removed by washing cells with PBS and the cells
incubated in fresh SAGM for a further 24 hours prior to the neutral red assay being
conducted. Results indicated that ricin (0.01-100pM) did not have any effect on SAE cell
death following a one or five minute binding time to the toxin with subsequent washing
with PBS (n=4; Figure 2). This means that there was no detectable ricin-induced SAE cell
death after a one minute binding time to ricin. Therefore, for the purposes of these
experiments, the concentration-response curve for ricin-induced SAE cell survival
following a one minute binding time is used as the control comparator for ricin-induced
death occurring at other binding times.
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Figure 2: Determination of the time for ricin to bind to SAE cell surface.

Effect of ricin (0.01-100pM) exposure (1-30 minutes) followed by washing (3 times with PBS) on
SAE cell survival (% of original). SAE cells were cultured in serum-free complete medium in 75cm?3
vented culture flasks and incubated in an atmosphere of 5% CO. at 37°C. Cells were harvested
when ~80% confluent and seeded onto 96 well plates. Cells were washed after the ricin binding time
(1-30 minutes) and incubated with fresh medium for a further 24 hours prior to performing the
neutral red assay.

“Significantly different from 1 minute exposure to ricin (n=4).

#Significantly different from 5 minute exposure to ricin (n=4).
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Despite washing cells and removing excess, unbound toxin from contact with SAE cells,
ricin (10-100pM) produced a time- and dose-dependent decrease in SAE cell survival after
15 and 30 minute binding times to the toxin (Figure 2). Ricin (10pM) reduced SAE cell
survival to 84.1 + 10.8% and 70.6 + 13.1% following 15 and 30 minute binding times,
respectively (p<0.05; n=4; Figure 2). The highest concentration of ricin (100pM) tested
produced significantly greater SAE cell death at the 15 and 30 minute binding times (45.4 +
11.8% and 30.8 £ 8.5%, respectively), compared with the control (p<0.05; n=4; Figure 2).
The extent of ricin (0.01-100pM)-induced SAE cell death after a 30 minute binding time
was not significantly greater than that seen following a 15 minute binding time.

4. Discussion

Exposure to ricin, particularly via aerosol inhalation, is of medical significance given its
potential to be used as a biological warfare agent and the only treatment currently
available is that of supportive care. This is the first reported study to investigate the cell
surface binding time and cytotoxicity (that is, time to death) of ricin, including dose and
exposure time, in a human lung epithelial cell line.

Previous studies have shown a latent period prior to the observation of symptoms of ricin
poisoning in humans (Godal et al., 1984) and in animals (Fodstad et al., 1979; Fodstad et al.,
1976; Ishiguro et al., 1992; Wilhelmsen et al., 1996). Indeed, animals exposed to inhalational
ricin display a dormant asymptomatic period of approximately 8 hours after which
necrosis of upper and lower respiratory epithelium, leading to tracheitis, bronchitis,
bronchiolitis, and interstitial pneumonia with perivascular and alveolar oedema can be
seen (Kortepeter et al., 2001). These results confirm those of other animal studies which
suggest that there can be a delay in the systemic distribution of ricin to some parts of the
body, coupled with a delay in the onset of symptoms, following different routes of
administration of ricin (Ramsden et al., 1989; Roy et al., 2003). Similarly, prolonged ricin-
induced cell death has been shown in other in vitro studies using different cell lines,
including bovine pulmonary endothelial cells (Hughes et al., 1996) and hepatoma cells
(BEL7404) (Hu et al., 2001). Therefore, the latent onset of ricin-induced SAE cell death, and
the increased SAE cell death at longer exposure times to ricin are not unexpected in the
present study. Indeed, further elucidation of the latent action of ricin, including the time
taken for ricin to bind to the cell surface, be internalised and consequently cause cell death,
will aid in establishing a potential treatment window in which therapies may be used to
prevent or reduce the cytotoxic effects of ricin.

Ricin produces time-and dose-dependent death of human SAE cells, as evidenced by the
results of the present study that show the significantly greater degree of cell death
following a 12-24 hour exposure to ricin compared with shorter time frames (2-4 hours).
This is consistent with previous studies performed in our laboratory (Paddle et al., 2003)
and in other publications (Griffiths et al., 1994; Hassoun et al., 1999; Sharma et al., 1999).
Further, given that there is significantly greater SAE cell death after 12 hour exposure to
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the toxin compared with the 2-4 hour exposure, there may be a window of opportunity for
treatment, and therefore minimisation and/or prevention, of some lung cell death up to 12
hours after exposure to ricin.

Once the ricin molecule has bound to cell surface receptors and triggered its endocytotic
uptake into the cell, it would appear that the mechanism(s) set in place for ricin-induced
cell death are unable to be reversed. Despite washing cells repeatedly to remove excess,
unbound ricin, the present study demonstrated that there was significant death of SAE
cells after 15 and 30 minute binding times of the toxin. Further elucidation of the fate of
ricin once internalisation has occurred is required in order to determine where
therapeutics may be targeted in order to neutralise this toxin once it has crossed the cell
membrane. Histological research is currently underway to clarify where ricin may be
intercepted in order to prevent cell death and consequently, which therapeutics would be
the most useful in overcoming ricin intoxication.

The neutral red assay is a quick and simple method which has been widely used with a
variety of cell lines to determine the cytotoxicity of various toxins and toxic agents (Babich
et al., 1991; Cardona et al., 2006; Fotakis et al., 2006; Hughes et al., 1996; Valdivieso-Garcia et
al., 1993; Zhang et al., 1990). However it must be acknowledged that there is a limitation in
drawing conclusions from this in vitro study. The assay works on the premise that only
live cells are capable of accumulating the neutral red dye in lysosomes. It does not account
for cells which are able to take up the neutral red at the time the dye is added (that is cells
that are alive), but will consequently die after the conclusion of the experiment due to the
internalisation of the toxin. Therefore, we can not entirely account for the lethal effects of
ricin once the toxin has been internalised and the cascade of events leading to cell death
have been triggered. This not only highlights the difficulties associated with treating ricin
poisoning, but also the need to develop antibodies and/or other treatments targeted at
inhibiting the initial binding of ricin to the cell surface in addition to the cytotoxic effects of
ricin that lead to cell death once it has been internalised. These difficulties are
compounded by the slow degradation of ricin by cells and the ability of ricin to remain
intact and active after it has been released by a cell that it has already destroyed (Sandvig
et al., 1978). Further elucidation of the mechanism(s) of action of ricin using in vitro
methods will facilitate the development and assessment of therapies for the prevention
and treatment of ricin intoxication.

In contrast to the study performed by Griffiths et al (1994) which found that a lethal dose
of ricin (isolated from the beans of Ricinus communis) of 5.1pM was required to kill 50% of
bovine pulmonary endothelial cells within 24 hours (LCso), the LCs of ricin in human SAE
cells was at least half that at approximately 2.5pM. This finding indicates a higher
sensitivity of human lung cells to ricin compared with bovine pulmonary endothelial cells
and supports previous studies which indicate species differences to the toxicity of ricin
(Balint, 1974; Sandvig et al., 1978) and emphasises the importance of using human cell lines
in cytotoxicity assays, where possible, rather than those derived from animals. The use of
clinically relevant human cell lines and protocols will advance our understanding of the
mechanism of action of ricin and undoubtedly strengthen our capabilities to prepare, as
well as respond, to an incident which may occur involving this toxic biological agent. It
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will also enable further examination and development of medical countermeasures to
toxin exposure to be undertaken.
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