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Abstract
Because of its lethal effects, ease of preparation, and ability to be delivered by aerosolization, ricin
has been developed as a lethal weapon by various terrorist groups. When introduced into the
pulmonary system of rodents, ricin causes pathological changes in the lung that are known to occur
in acute respiratory distress syndrome (ARDS). Early response cytokines such as TNF-α and IL-1
are known to play a critical role in the pathogenesis of ARDS. Ricin induces the release of these
proinflammatory cytokines and the transcriptional activation of the genes that encode them in vitro
and in vivo. Macrophages, considered to act as upstream regulators of inflammatory cascades, may
play a central role in the pathogenesis and the development of ricin-induced ARDS because of their
ability to make and secrete proinflammatory cytokines. Exposure of primary macrophages to ricin
in vitro led to activation of stress-activated protein kinases, increased expression of proinflammatory
mRNA transcripts, subsequent increase in the synthesis and secretion of TNF-alpha, and apoptotic
cell death. Interestingly, macrophages required the engagement of the apoptotic cascade for the
maximal synthesis and release of some proinflammatory mediators. This work identifies a cross talk
between the apoptotic and inflammatory signaling pathways induced by ricin in primary
macrophages.
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INTRODUCTION
The toxin ricin is currently listed as a category B priority pathogen for study in the biodefense
strategic plan of the United States National Institutes of Health based on ricin's broad
availability, ease of production, high toxicity, and potential for use as an agent of bioterrorism.
In a terrorist situation, ricin would be most effectively distributed to human populations by
aerosolization. Although data on aerosol-mediated toxicity of ricin is lacking in humans,
studies performed in rodents and non-human primates have shown that the introduction of ricin
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into the pulmonary system leads to acute lung injury and acute respiratory distress syndrome
(ARDS) [1]. When delivered to animals through aerosolization, ricin induces in an early
massive migration of inflammatory cells (polymorphonuclear cells, lymphocytes, and
macrophages) to the lungs and causes apoptosis of the alveolar macrophages [2]. Subsequent
effects of ricin toxicity include apoptosis and necrosis of bronchiolar epithelial cells and type
II pneumocytes, resulting in the development of ARDS. Because of the rapid effects of ricin
on macrophages, and in view of the role that macrophages play in elaborating proinflammatory
cytokines in ARDS and other inflammatory conditions [3], several studies have centered on
the in vivo and in vitro effects of ricin on macrophages [2,4-6].

Ricin is a 64 kDa toxic heterodimeric protein, extracted from beans of the castor plant, that
consists of a 32 kDa A-chain bonded by a disulfide linkage to a 32 kDa B-chain [7]. Ricin
enters cells through binding of its B chain to galactosyl residues that are present on the surfaces
of most cells [7]. In addition, macrophages express mannose receptors capable of binding
mannosylated or fucosylated glycoproteins such as ricin A1 and A2 chains [8-11]. The ability
of ricin to bind to both galactosyl residues and mannose receptors on macrophages may explain
the high sensitivity that these cells demonstrate toward ricin. After its internalization through
receptor-mediated endocytosis and further intracellular transport through the vesicular system,
the A-chain of ricin enters the cytosol, where it depurinates a single adenine in the sarcin/ricin
loop of 28S rRNA [12]. The depurination of this critical adenine prevents the binding of
elongation factor-2, thereby blocking protein translation.

By producing a lesion in the sarcin/ricin loop of 28S rRNA, ricin also activates a kinase cascade
that leads to the phosphorylation and activation of the stress-activated protein kinases, c-Jun-
N-terminal kinase (JNK) and p38 MAPK [13], which are members of a larger family of
mitogen-activated protein kinases (MAPK) that include extracellular signal-regulated kinase
1/2 (ERK1/2). Whereas activation of JNK and p38 MAPK has been tied to activation of
proinflammatory pathways, activation of ERK1/2 is generally associated with pathways that
control proliferation, differentiation, and cell cycle progression [14]. Previously we
demonstrated in a murine macrophage cell line (RAW264.7) that, in addition to inhibiting
protein synthesis, ricin simultaneously activated all three MAP kinase superfamily members
(JNK, p38 MAPK, and ERK1/2) [5]. The application of specific inhibitors of each the latter
MAP kinase family members demonstrated that in macrophages the activation of these kinases
were required, individually or in concert, for the transcriptional activation of a broad variety
of genes that encode inflammatory mediators. These mediators included cytokines,
chemokines, transcription factors, and cell surface molecules [5].

Recent studies have also demonstrated that ricin is a potent inducer of apoptosis in cultured
cells [15-19]. Although the mechanism of ricin-triggered apoptosis and its possible relationship
to translational inhibition and MAPK activation is poorly understood, Higuchi et al [17]
reported a significant decrease in the number of apoptotic RAW 264.7 cells after ricin treatment
in the presence of the specific p38 MAPK inhibitor SB202190. Studies on the ability of ricin
and other protein synthesis inhibitors to cause apoptosis in U937 cells suggested that the
induction of apoptosis by protein synthesis inhibitors is not entirely due to pure protein
synthesis inhibition [18]. Higuchi et al [17] suggested a possible relationship between ricin-
triggered apoptosis and secretion of the proinflammatory cytokine TNF-α.

Although recent studies in a variety of cell lines have focused either on inflammatory responses
or on apoptosis, studies that relate the potential cross talk between apoptotic and inflammatory
signaling pathways are lacking. In this work, we demonstrate the existence of cross talk
between pathways that signal inflammatory responses and apoptosis in primary bone marrow
derived macrophages. To our knowledge, these studies are the first to address the dual roles of
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ricin, i.e. gene activation and apoptosis, in primary macrophages. We consider the relevance
of these findings to the potential actions of ricin as a terrorist agent and to the potential
application of ricin as a therapeutic agent for ablating macrophages in chronic inflammatory
diseases.

MATERIALS AND METHODS
Animals and Animal Procedures

C57BL/6J mice were purchased from The Jackson Laboratory, Bar Harbor, ME. Male mice,
8 to 10 weeks of age, were used throughout the experiments. Before experimental procedures,
mice were anesthetized intraperitoneally with 80 mg/kg of ketamine and 10 mg/kg of xylazine.
Twenty micrograms per 100g body weight ricin were delivered intratracheally [20] through a
22G cannula (BD Biosciences, San Diego, CA). Animals were anesthetized and sacrificed at
times up to 48 hours. In obtaining bronchoalveolar lavage fluid, the rib cage of each mouse
was opened through a midline incision and the trachea was cannulated with a 22G cannula.
Bronchoalveolar lavage was performed by the instillation and withdrawal of 1 ml Phosphate
Buffered Saline (PBS) into the cannula (three times total). Lavage fluid was centrifuged at 500
× g for 5 min and the supernatant was saved for analysis. The cellular component of the lavage
fluid was resuspended in 500 μl 0.8 × PBS and further concentrated in a Cytospin™ centrifuge
(Thermo Electron Corporation, Waltham, MA), affixed to microscope slides, and stained with
Giemsa. All animal procedures were performed according to protocols that have been approved
by the Institutional Animal Care and Use Committee at Oregon Health and Science University,
Portland, Oregon.

Isolation of Bone Marrow- Derived Macrophages
Bone marrow macrophages were prepared from C57BL/6J mice, essentially as described
[21]. Marrow was flushed from femurs and tibias with PBS and cultured in alpha-Minimum
Essential Medium (αMEM, Cellgro, Herndon, VA), supplied with 10% Fetal Bovine Serum
(FBS, Cellgro, Herndon, VA), 50 μg/ml gentamicin, and 100 ng/ml recombinant mouse Colony
Stimulating Factor 1 (CSF-1, R&D Systems, Minneapolis, MN) for 72 hrs. The bone marrow
macrophages were plated into 3.5 and 6 cm tissue culture plates (Sarstedt, Newton, NC). The
adherent cells were replated in 10% FBS-αMEM, in the presence of 100 ng/ml CSF-1 for an
additional 24 hrs to achieve equal density of cells on the plates.

Isolation of Alveolar Macrophages
Alveolar macrophages were obtained from pooled bronchoalveolar lavage fluid centrifuged at
low speed (500 × g) for 5 minutes, at which time the cells were transferred in αMEM (containing
10% FBS and 50 μg/ml gentamicin) into 3.5 cm plastic bacterial culture dishes. Cells from
lavage fluid of 3 mice were pooled into one 3.5 cm plate. Macrophages readily attached to the
plates within 30 minutes.

Reagents and Antibodies
Ricin was purchased from Vector Laboratories (Burlingame, CA). The pan-caspase inhibitor
zVAD.fmk and the fluorogenic caspase-9 substrate (cat.#218765) were obtained from
Calbiochem (La Jolla, CA). Fluorogenic caspase-8 substrate was purchased from BD
Biosciences-Pharmingen (San Diego, CA). The mouse TNF-α enzyme-linked immunosorbent
assay (ELISA) Ready-Set-Go was purchased from eBioscience (San Diego, CA). CXCL1 was
measured in a LiquiChip Workstation (Qiagen, Valencia, CA), as described by the
manufacturer, with reagents purchased from Linco Research (St. Charles, Missouri).
Antibodies against phospho-p38 MAPK, phospho-JNK, phospho-ERK1/2, and caspase-3,
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were obtained from Cell Signaling Technology (Beverly, MA); antibodies against p38 and
MEK2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA); antibody against
F4/80 was obtained from Serotec (Raleigh, NC).

Measurement of Protein Synthesis
Bone marrow macrophages were grown in 12-well tissue culture dishes in 10% FBS-αMEM.
Cells were serum deprived for 60 min before the treatment with ricin. Two and one half hours
after the addition of ricin, cells were exposed to 2 μCi of [3H]-leucine in 300 μl of serum-free
αMEM for 30 minutes. The incorporation of leucine was terminated by the addition of 10%
trichloroacetic acid. Cells were washed three times with 5% trichloroacetic acid, followed by
88% formic acid to solubilize the trichloroacetic acid-insoluble proteins, and the samples were
counted in a scintillation counter.

Immunoblot Analyses
Bone marrow macrophages cultured in 3.5 cm tissue culture plates and alveolar macrophages
cultured in 3.5 cm plastic bacterial plates were lysed in 250 μl of 2 × sodium dodecyl sulfate-
polyacrylamide gel elecrophoresis (SDS-PAGE) loading buffer and boiled at 95°C for 5
minutes. The lysates were separated via 10% or 13% SDS-PAGE, transferred to a
polyvinylidene difluoride membrane (Millipore, Bedford, MA), and probed with the
corresponding primary antibodies.

Immunocytochemical Analysis
For detection of F4/80 antigen, macrophages were fixed with 4% paraformaldehyde solution
for 20 minutes at 4°C and stained in accordance with the instructions provided with the primary
antibody.

Phagocytosis Assay
Cells were grown on glass cover slips (Fisher Scientific, USA) in 12-well tissue culture plates.
Before experiments, cells were serum-deprived for 60 min in αMEM. Rhodamine-labeled latex
particles (Spherotech, cat. #FP08582, Libertyville, IL), 0.7-0.9 μm diameter, were added to
the cell cultures. Phagocytosis of the latex particles by macrophages was detected by confocal
microscopy.

Assay for Caspase-8 and Caspase-9 Activity
Bone marrow macrophages were cultured in 12-well dishes at a concentration of 1×106 cells
per well. After treatments, cells were harvested with 1 × PBS and centrifuged at 500 × g for 5
min at 4°C. Cell pellets were resuspended in 200 μl lysis buffer containing 10 mM Tris-HCl,
pH 7.5, 10 mM NaH2PO4/NaHPO4, 130 mM NaCl, 10 mM Na4O7P2, and 1% Triton X-100.
The lysates were incubated for 15 minutes on ice prior to centrifugation at 12,000 × g for 10
min at 4°C. Supernatants were stored at −80°C until assayed. The protein concentration of the
supernatants was determined by using the Bradford assay, Bio-Rad Laboratories (Hercules,
CA). The lysates (100 μg) were assayed in caspase assay buffer (40 mM Hepes-KOH, pH 7.4,
20% glycerol, and 4 mM DTT) in the presence of 50 μM Ac-IETD-AFC (substrate for
caspase-8) or Ac-LEHD-AFC (substrate for caspase-9) for 60 min at 37°C. Fluorescence
emission in a spectrofluorophotometer was measured at 460 nm, with excitation at 390 nm.
Caspase activity, at various time points after addition of ricin, (Cactivity)t=x, was determined by
subtracting the fluorescence intensity of each sample, in arbitrary units, from the fluorescence
intensity of control standard that lacked cellular extract, where x = time after addition of ricin.
Percentage increase in caspase activity (in Figure 4, panel A) was determined as
[(Cactivity)t=x/(Cactivity)t=0] × 100.
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RNA Isolation
Cells were directly lysed in TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) in
accordance with the manufacturer's instructions. Isolated RNA was further digested with
DNase (Invitrogen Life Technologies). The integrity of RNA was determined by the
appearance of intact 28S and 18S rRNA bands when analyzed by electophoresis on 1% agarose
gels.

Real-Time RT-PCR
Two μg RNA were reverse-transcribed in the presence of SuperScript II and oligo-dT primers
(Invitrogen Life Technologies). The amplification of the cDNA was performed on an ABI
Prism 7900HT sequence detection system (Applied Biosystems, Foster City, CA) in the
presence of SYBR Green PCR Master Mix (Applied Biosystems) and 20 μmol/L of the
corresponding sense and anti-sense RT-PCR primers in a 40-cycle PCR. Each PCR cycle had
the following amplification parameters: denaturation at 95°C for 15 seconds, annealing at 55°
C for 30 seconds, and extension at 72°C for 30 seconds. Fold induction in gene expression was
measured using absolute quantification of a standard curve in arbitrary units. In order to rule
out the possibility that contaminating DNA could be contributing to RT-PCR results, we also
included RT negative reactions and template negative reactions for each primer pair.

Sense and Anti-Sense RT-PCR Primer Sequences
All primers, as published previously [5], were designed by using MacVector and Primer
Express software programs, and were synthesized by Invitrogen Life Technologies.

Statistical Analyses
Individual groups were compared by using paired t-test analysis. To estimate p values, all
statistical analyses were interpreted in a two-tailed manner. P values of <0.05 were considered
statistically significant.

RESULTS
Effects of intratracheally administered ricin on alveolar macrophages

Delivery of 20 μg ricin per 100 g body weight to mice by intratracheal instillation initiated a
severe inflammatory process in the lungs, characterized by neutrophilia, hemorrhage,
destruction of alveoli, and increased expression of inflammatory cytokines and chemokines
within the lungs and in the general circulation (manuscript submitted). Examination of
Cytospin preparations from bronchoalveolar lavage of ricin-instilled mice revealed a reduction
by 90% in the number of macrophages; the reduction in macrophage numbers was evident by
12 hrs and continued for 48 hrs (Figure 1A). Fluid from saline-instilled control animals showed
a modest decrease in macrophage numbers at 12 hrs, which returned to normal values by 48
hrs. In lavage fluid from ricin-treated animals, but not saline-instilled animals,
polymorphonuclear cell numbers increased dramatically between 24 and 48 hrs (Figure 1B and
1F). Macrophages isolated from lavage fluid of ricin-instilled mice displayed morphological
changes consistent with cells undergoing apoptosis 12 hrs after the administration of the toxin
(Figure 1, compare panels C and D). Inasmuch as macrophages represent the primary source
of TNF-α production in pulmonary tissues [3], we determined whether the ricin-mediated
depletion of macrophages would result in a change in TNF-α content of lavage fluid. The lavage
fluid from ricin-instilled mice displayed an initial increase in concentration of TNF-α, which
subsequently declined to basal levels by 48 hrs (Figure 1G). The large increase in levels of
TNF-α observed in lavage fluid from saline-instilled mice at 24 and 48 hrs (Figure 1G) probably
resulted from the non-specific inflammatory effects of instilled saline. Notably, by 48 hrs the
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level of TNF-α in lavage fluid of ricin-instilled mice was significantly lower than in saline-
instilled mice.

Because lavage fluid from ricin-instilled mice displayed a dramatic increase in the number of
neutrophils between 24 and 48 hrs (Figure 1B), we determined whether lavage fluid would
also display increased levels CXCL1, a chemokine that possesses strong chemoattractant
activity for neutrophils [22]. Figure 1H demonstrates that levels of CXCL1 protein in lavage
fluid increased approximately 100 fold following instillation of ricin, with the majority of the
increase occurring between 24 and 48 hrs.

Effects of ricin on MAP kinase signaling in primary murine macrophages in vitro
In view of the effects of ricin in alveolar macrophages showed in vivo, and because of their
ability to elaborate proinflammatory cytokines and contribute to the generation of
inflammatory processes, we decided to further examine their role in vitro in mediating ricin-
induced inflammation. For these experiments, we employed primary explants of both alveolar
macrophages (AM) and bone marrow-derived macrophages (BMM). We selected AM because
of their obvious relevance to the problem under investigation, although the small numbers of
macrophages obtained severely limited the number and type of in vitro experiments that could
be performed. We selected BMM because a larger number of macrophages could be obtained
for experimentation. The purity of the macrophage cultures was verified by expression of F4/80
antigen and by the ability of the cells to phagocytose fluorescent particles (data not shown).
These analyses indicated that macrophage purity was >99% for both AM and BMM.

Exposure of cells to ricin resulted in the activation of p38 MAPK and JNK in both AM and
BMM (Figure 2). In contrast to p38 MAPK and JNK, whose phosphorylation was increased
in response to ricin, the basal level of phosphorylated ERK1/2 was reduced following exposure
of cells to ricin (Figure 2). As previously reported by us [5,13], a direct relationship was
observed between the ability of ricin to inhibit protein synthesis and to activate p38 MAPK
and JNK. When administered to BMM over a broad range of concentrations (1 to 10,000 ng/
ml), ricin induced a dose-dependent decrease in the levels of protein synthesis (Figure 2, lower
panel) that was contemporaneous with the phosphorylation of p38 MAPK and JNK.

Ricin-mediated gene expression in primary murine macrophages
MAP kinases have been implicated in regulating the expression of proinflammatory cytokines
and chemokines both by enhancing the transcriptional rates and by prolonging the lifetime of
mRNAs that encode these molecules [23,24]. We applied real-time RT-PCR in AM and BMM
to examine the effects of ricin on the expression profiles of mRNAs encoding proinflammatory
genes. We analyzed a subset of proinflammatory genes whose expression is elevated by ricin
[5]. The evaluated gene products included the proinflammatory cytokines TNF-α and IL-β, a
chemokine (CXCL1/Gro-α), and transcription factors (c-Jun and ATF3). The results were
expressed as fold induction, using glyceraldehyde phosphate dehydrogenase (GAPDH) as an
invariant comparator. Both AM and BMM displayed substantial increases in ricin-induced
mRNA levels in all of the evaluated genes 5 hrs after addition of ricin. For several genes, the
degree of increased expression differed between AM and BMM (Figure 3A). The inclusion of
ricin resulted in the release of TNF-α protein into the culture medium of treated BMM (Figure
3B). The elevated secretion of TNF-α by macrophages exposed to ricin may result from the
stimulated release of pre-existing stores and/or from the de novo synthesis of protein. In view
of the partial inhibition of protein synthesis in BMM by 10ng/ml ricin (Figure 2, lower panel),
it is possible that the ricin-induced secretion of TNF-α resulted exclusively by release of pre-
existing stores of TNF-α protein and not by translation of newly transcribed TNF-α mRNA.
To test this possibility, we exposed BMM to 10ng/ml ricin for 6h, at which time both the
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secreted and residual TNF-α protein were measured by ELISA. As expected, exposure of cells
to ricin resulted in secretion of TNF-α protein; the residual intracellular TNF-α protein
amounted to approximately 5% of total amount (Figure 3C). By contrast, unstimulated
macrophages failed to release detectable TNF-α protein. The total amount of TNF-α (residual
plus released) from unstimulated cells amounted to less than 15% of the TNF-α from ricin-
treated cells (p<0.01; Figure 3C), demonstrating that exposure of cells to ricin resulted in
substantial de novo synthesis of TNF-α protein. Taken together, the data in Figures 2 and 3
indicate that, in the presence of ricin, BMM responded by increasing the expression of several
proinflammatory genes. In addition, the cells retained the ability to translate the ricin-induced
TNF-α mRNA, despite the partial inhibition of protein translation.

Taking into consideration the requirement of a disproportionate number of animals in order to
obtain sufficient numbers of AM to perform experiments, we chose to continue our analysis
of macrophage responses exclusively in BMM.

Ricin triggered activation of caspases in BMM
In view of the evidence that intratracheal instillation of ricin elicited apoptosis of pulmonary
macrophages in vivo, we further investigated the identity of the initiator caspases activated in
vitro. Exposure of BMM to ricin for 6 hrs resulted in a 42% activation of caspase-8 and a 264%
activation of caspase-9 (Figure 4A). Concomitant with activation of caspases-8 and -9 were
the ricin-mediated cleavage and processing of procaspase-3 (Figure 4B, lanes 3 and 7).
Beginning at 6 hrs, ricin-treated cells progressively detached from the culture dishes and, when
examined microscopically, displayed all the morphological characteristics (such as nuclear
fragmentation) of cells undergoing apoptosis (not shown). Taken together, the data in Figures
3 and 4 indicate that exposure of macrophages to ricin resulted in the simultaneous engagement
of apoptotic machinery and the increased expression of proinflammatory mRNAs, at least one
of which, TNF-α, was efficiently translated.

Effect of the pan-caspase inhibitor zVAD.fmk on ricin-mediated gene expression profile
In view of the simultaneous activation of apoptotic and transcriptional pathways by ricin, we
explored the possibility that the ricin-mediated increase in expression of proinflammatory
RNAs may be influenced by engagement of the apoptotic program. To test this possibility,
BMM were exposed to ricin for 4 and 6 hrs in the presence or absence of zVAD.fmk (Figure
4B). The effectiveness of zVAD.fmk as a caspase-3 inhibitor was demonstrated by the ability
of zVAD.fmk to block the autocatalytic processing of p20 and p19 intermediate fragments into
the mature, p17, form of the enzyme [25] (compare lanes 3, 4, 7, and 8, Figure 4B).
Additionally, zVAD.fmk suppressed both the detachment of ricin-treated cells and the
appearance of morphological characteristics of apoptosis that occurred in these cells (data not
shown). Inasmuch as BMM appeared to express undetectable levels of PARP (a substrate and
frequently employed indicator of caspase-3 activity), we employed the immunodetection of
MEK2 to assess the effect of zVAD.fmk on caspase activity. MEK1 and MEK2 have been
previously shown to be cleaved during apoptosis in a caspase-dependent manner [26]. Indeed,
pretreatment of cells with zVAD.fmk prevented the ricin-induced cleavage of MEK2 (Figure
4B, lanes 3, 4, 7, and 8), indicating complete inhibition of caspase activity. As shown in Figure
5, the inclusion of zVAD.fmk with ricin for 5 hrs inhibited the ricin-mediated increase in
expression of mRNA encoding TNF-α by 50% and caused a significant (p<0.05), but marginal,
decrease in expression of mRNA encoding c-Jun, IL-1α and IL-1β. Inclusion of zVAD.fmk
did not alter the expression of RNA encoding ATF3 or two chemokines, CXCL1 and CCL2.
Interestingly, the ricin-mediated expression of mRNA encoding c-Fos increased two-fold in
the presence of zVAD.fmk. Taken together, Figures 4 and 5 suggest that the ricin-mediated
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engagement of apoptosis differentially affected the expression profiles of mRNAs that encode
the proinflammatory genes that were examined.

The ability of zVAD.fmk to suppress the ricin-mediated expression of TNF-α mRNA mediated
by ricin (Figure 5) suggests that caspase activity in macrophages may be required for maximal
expression of the mRNA that encodes TNF-α. We measured the secretion of TNF-α into the
culture medium in the presence or absence of zVAD.fmk (Figure 6) to determine whether the
apoptosis-induced increase in expression of TNF-α mRNA would result in the appearance of
increased levels of TNF-α protein in the medium. The results clearly show that zVAD.fmk
suppressed by 80% the release of TNF-α into the medium of ricin-treated BMM. Taken
together, the data in Figures 5 and 6 demonstrate that increased expression of TNF-α mRNA
induced by engagement of the apoptotic program in macrophages resulted in increased
secretion of TNF-α protein.

DISCUSSION
Although data on the aerosol toxicity of ricin is lacking in humans, studies performed in rodents
and non-human primates have shown that introduction of ricin into the pulmonary system
causes effects on lung pathology that are known to occur in ARDS [1,2] and that lead to death
36 to 48 hrs later [27]. The aerosol-mediated delivery of ricin to animals has been shown to
result in a massive inflammatory response, characterized by increased inflammatory cell counts
[28]. Recent studies have shown that TNF-α and IL-1β are present in increased amounts in the
bronchoalveolar lavage fluid of patients with ARDS [29,30] and initiate a proinflammatory
cascade that plays a central role in the pathogenesis of ARDS [3]. TNF-α is derived
predominantly from activated macrophages by the transcriptional modulation of the TNF-α
gene [31,32], and the cytokine acts on a variety of cells via cell membrane-bound receptors
[33].

The present study demonstrates that the intratracheal administration of ricin to mice resulted
in a dramatic decrease in AM numbers over 48 hrs and was accompanied by widespread
apoptosis of these cells. Previous studies reported that the intravascular administration of ricin
resulted in depletion of Kupffer cells of liver [6,34], although the mechanism of depletion of
these macrophage derivatives was not characterized. By employing transmission electron
microscopy, Brown et al [2] reported that, following intratracheal instillation of ricin in rats,
alveolar macrophages underwent nuclear changes characteristic of apoptosis. In other studies,
we demonstrate in histological sections of lung tissue that instilled ricin leads to the apoptosis
of alveolar macrophages (manuscript submitted).

In the current study, we present quantitative evidence that intratracheal administration of ricin
depletes alveolar macrophages. Instillation of ricin resulted in an initial increase in TNF-α in
the lavage fluid, with a peak of TNF-α observed at 12h post-instillation (Figure 1G). This initial
release of TNF-α was followed by a substantial decrease in TNF-α to at least 48h. The
continuing decline in TNF-α protein (Figure 1G) and numbers of AM (Figure 1A) in the lavage
fluid from 12h to 48h are consistent with the appearance of apoptotic macrophages in lavage
fluid obtained 12h after instillation of ricin (Figure 1D). The results from in vitro experiments
on BMM were consistent with the in vivo data, inasmuch as they demonstrated that ricin
induced a 10 to 20-fold increase in levels of TNF-α mRNA (Figure 3B,C) and the ultimate
apoptosis of these cells (Figure 4). The demonstration in BMM in vitro that ricin induced the
accumulation of mRNA encoding TNF-α (Figure 5) and the de novo synthesis and ultimate
secretion of TNF-α (Figure 3C) prior to apoptosis (Figure 4B) demonstrates that death of
macrophages occurred subsequent to the activation by ricin of a productive proinflammatory
synthetic program. The pro-apoptotic effects of ricin on macrophages in vivo may be beneficial
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to the host by serving to limit the potential local tissue damage that may occur upon
uncontrolled macrophage activation.

In view of the early involvement of AM in ricin-induced pulmonary responses, we examined
the proinflammatory consequences of ricin exposure in primary macrophages in vitro. We
previously demonstrated that, in addition to inhibiting translation, ricin simultaneously
activates a kinase cascade by producing a lesion in the peptidyl transferase center of 28S rRNA
[13]. The depurination of this specific adenine (A4256 in mice) leads, through an unidentified
transduction apparatus, to the activation of upstream kinases that lead to the ultimate activation
of JNK and p38 MAPK [13]. Activation of JNK and p38 MAPK by proinflammatory stimuli
has been shown to occupy a central role in mediating inflammatory processes [24,35-37]. We
demonstrate that the in vitro administration of ricin to AM and BMM resulted in the
phosphorylation of both p38 MAPK and JNK. In AM and BMM, the activation of these kinases
was accompanied by increased expression of mRNAs encoding proinflammatory proteins,
including cytokines, chemokines, and transcription factors (Figures 2 and 3). The quantitative
differences in ricin-mediated gene expression that we have observed between AM and BMM
are likely to reflect the presence of different macrophage subpopulations, which have been
identified even among pulmonary macrophages [38]. For example, the secretion of IL-1 and
IL-6 in response to LPS has been shown to differ between pulmonary interstitital macrophages
and AM [39]. The high constitutive activation of ERK that we detected in BMM, in contrast
to AM, (Figure 2) is another indicator of the differences that exist between these two
macrophage subtypes.

We previously reported that in RAW 264.7 cells, a transformed murine macrophage cell line,
ricin induced the activation of ERK1/2 in addition to JNK and p38 MAPK [5]. Interestingly,
ricin failed to activate ERK1/2 in both AM and BMM. In addition to its inability to activate
ERK1/2, ricin also failed to activate MEK1/2, Raf-1, and Ras, upstream kinases that participate
in the ERK cascade (data not shown). The mechanisms responsible for the ability of ricin to
activate ERK1/2 in RAW 264.7 cells, but not in BMM or AM, are unknown but may relate to
differences in signaling mechanisms that control the cell cycle of continuous cell lines such as
RAW 264.7 cells.

We sought to determine whether a functional relationship exists between the proapoptotic and
proinflammatory consequences of ricin in macrophages. A concentration of ricin that resulted
in both the increased expression of proinflammatory mRNAs and secretion of TNF-α protein
(100 ng/ml) resulted in engagement of an apoptotic cascade that included activation of both
apical (caspase-8 and caspase-9) and effector (caspase-3) caspases (Figure 4). Importantly, the
moribund macrophages were engaged in the elaboration of proinflammatory mRNAs,
including RNA encoding CXCL1, a chemokine that plays a role in neutrophil chemotaxis
[22]. In stained tissue sections of lung from ricin-instilled mice, we have detected the
accumulation of neutrophils in perivascular and peribronchial regions 48 hrs after instillation
(manuscript submitted). The correlation between neutrophilia and appearance of CXCL1
protein in lavage fluid of ricin-instilled mice (Figure 1), and the ricin-induced expression of
CXCL1 mRNA in macrophages in vitro (Figure 5), suggests that ricin may mediate the
migration of neutrophils into the lung by acting directly on pulmonary macrophages.

The inclusion of the pan-caspase inhibitor zVAD.fmk with ricin led to an unexpected reduction
(>50%) in the accumulation of TNF-α mRNA and protein. These data demonstrate that the
engagement of the apoptotic cascade in macrophages not only failed to reduce the accumulation
of an important initiator cytokine, TNF-α, but instead augmented both its transcription and
ultimate release into the cell milieu (Figures 5 and 6). The inability of zVAD.fmk to alter the
expression of transcripts encoding the chemokines CXCL1 and CCL2 (Figure 5) may
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contribute to the large increase in neutrophils in lavage fluid observed between 24 and 48hrs
after instillation of ricin. The increased expression of mRNA encoding c-Fos in the presence
of zVAD.fmk suggests that the engagement of the apoptotic program by ricin may serve to
suppress the transcription of some inflammatory gene products that are mediated by c-Fos.

In previous studies we demonstrated that the p38 MAPK inhibitor SB203580 strongly inhibited
the ricin-induced expression of a variety of proinflammatory mRNAs in RAW264.7 cells [5].
The downstream targets of p38 MAPK include kinases and transcription factors, some of which
belong to the AP-1/ATF family. Many of these transcription factors have been shown to
participate in the activation of proinflammatory genes [23]. Our data reveal a strong correlation
between the ability of ricin to mediate the activation/phosphorylation of JNK and p38 MAPK
(Figure 2) and to increase the expression of genes that encode the transcription factors c-Jun,
c-Fos, and ATF3 in macrophages in vitro (Figure 3).

Elucidating the mechanisms of ricin-induced apoptotic death in monocyte/macrophages may
have therapeutic implications for the control of inflammatory diseases. The selective
elimination of monocyte/macrophages in patients with rheumatoid arthritis through apoptosis
induced by ricin-conjugated CD64 (a receptor that is constitutively expressed by monocyte/
macrophages lineage [40]) decreases local proinflammatory activity and inhibits cartilage
degradation [41,42]. Selective activation of macrophage cell death may thus reveal a novel
approach in the treatment of rheumatoid arthritis. The pro-apoptotic effects of ricin-CD64
immunotoxin have also been shown to target macrophages that participate in chronic cutaneous
inflammation, resulting in the effective resolution of both histological and clinical symptoms
[43]. Application of ricin immunotoxins may also find application for a variety of human
cutaneous diseases, such as cutaneous graft-versus host disease, chronic contact dermatitis,
atopic dermatitis, and psoriasis [44]. Further studies that define the cellular and molecular
mechanisms by which ricin controls both proinflammatory and pro-apoptotic outcomes should
aid in this effort.

This work highlights the early and potentially prominent role occupied by macrophages in
orchestrating inflammatory responses to ricin. Elucidating the pathways regulated by ricin in
macrophages should aid in the development of therapeutic agents that are effective in treating
human populations that have been exposed to aerosolized ricin and, more generally, may
contribute to understanding the role that macrophages play in the development of ARDS.
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Figure 1.
A: Macrophage numbers in bronchoalveolar lavage fluid at designated times after intratracheal
instillation of saline (filled squares) or 20 μg ricin /100 g bwt (open circles). B:
Polymorphonuclear cell numbers (PMNs) in BAL at designated times after intratracheal
instillation of saline (filled squares) or 20 μg ricin/100 g bwt (open circles). C-F: Cellular
components from bronchoalveolar lavage, concentrated with Cytospin, and stained with
Giemsa for leukocyte counting and assessment of cellular morphology. Scale bar equals 10
μm. In the lower right corner of panels C and D is a magnified image of a randomly selected
cell from the corresponding field. C: Normal-appearing alveolar macrophages from lavage
after intratracheal instillation of saline for 12 hrs. D: Apoptotic alveolar macrophages from
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lavage after intratracheal instillation of 20 μg ricin per 100 g bwt for 12 hrs. E: Normal-
appearing alveolar macrophages from lavage after intratracheal instillation of saline for 48 hrs.
F: Polymorphonuclear cells predominate in the lavage fluid after intratracheal instillation of
20 μg ricin per 100 g bwt for 48 hrs. G: TNF-α protein from lavage fluid, measured by ELISA
at designated times after intratracheal instillation of saline (filled squares) or 20 μg ricin/100
g bwt (open circles). H: CXCL1 protein from lavage fluid, measured by Luminex assay at
designated times after intratracheal instillation of saline (filled squares) or 20 μg ricin /100 g
bwt (open circles). For panels G and H, analyses at each time point were performed on three
saline-instilled and three ricin-instilled animals. Displayed data were confirmed in three
different experiments and are presented as mean ± standard error of the mean. Asterisks show
comparison between treatments and controls. NS, not significantly different; *, p<0.05; **,
p<0.01; ***, p<0.001.

Korcheva et al. Page 14

Mol Immunol. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Response of alveolar macrophages (AM) and bone marrow-derived macrophages (BMM) to
ricin. Immunoblot analysis of cell lysates from AM (upper left panel) or BMM (upper right
panel) exposed to 100 or 1000 ng/ml ricin for 2 or 4 hrs. Antibodies used were reactive against
phospho-p38 MAPK, phospho-JNK, phospho-ERK1/2, and p38 (used as a loading control).
Lower panel: Inhibition of protein synthesis in BMM, measured by incorporation of [3H]-
leucine 3 hrs after the addition of increasing concentrations of ricin. Each treatment was
performed in triplicates. Data are presented as mean ± standard error of the mean. Asterisks
show comparison between treatments and controls. NS, not significantly different; *, p<0.05;
**, p<0.01; ***, p<0.001;
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Figure 3.
A: Real-time RT-PCR of ricin-induced gene expression in AM and BMM. Cells were exposed
to 100 ng/ml ricin for 5 hrs. After RNA extraction, real-time RTPCR was performed, using
primers for the corresponding genes. The results were expressed as fold induction, using
glyceraldehyde phosphate dehydrogenase (GAPDH) as invariant comparator. Each treatment
was performed in triplicate. The experiment was repeated three times, with similar results. Data
are displayed as mean ± standard error of the mean. Asterisks above bars show comparison
between treatments and controls. ***, p<0.001. P values displayed below bars of BMM
represent comparison between AM and BMM. NS, not significantly different; *, p<0.05; **,
p<0.01; ***, p<0.001. B and C: Ricin-induced release of TNF-α protein into the culture
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medium of BMM was measured by ELISA. Media were harvested 6 hrs after the addition of
ricin. Each treatment was performed on triplicate culture dishes. B: Concentrations of ricin
from 10 to 1000 ng/ml were added to macrophage cultures. Data are displayed as mean ±
standard error of the mean. Asterisks above bars show comparison between treatments and
controls. **, p<0.01. C: Cultures of BMM were exposed to diluent control (left panel) or 10
ng/ml ricin (right panel) for 6 hrs, at which time TNF-α protein was measured in the medium
(released) and in the cell lysates (residual). Data are displayed as mean ± standard error of the
mean. p<0.01 for the total TNF-α protein (residual plus released) in control vs. ricin-treated
cells.
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Figure 4.
A: Time course of 100 ng/ml ricin on caspase-8 and caspase-9 activity in BMM, measured by
using fluorogenic substrates of caspase-8 and -9. Each treatment was performed in triplicate.
Values are displayed as mean ± standard error of the mean. Asterisks above bars show
comparison between treatments and controls. NS, not significantly different; *, p<0.05; **,
p<0.01; ***, p<0.001. B: Immunoblot against caspase-3 and MEK2 in BMM after the addition
of 100 ng/ml ricin in the presence or absence of a 30 min pretreatment with 25 μM zVAD.fmk.
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Figure 5.
Real-time RT-PCR analysis in BMM after the addition of 100 ng/ml ricin for 5 hrs, in the
presence or absence of a 30 min pretreatment with 25 μM zVAD.fmk. The results were
expressed as fold induction, using glyceraldehyde phosphate dehydrogenase (GAPDH) as
invariant comparator. The experiment was repeated three times, with similar results. Each
treatment was performed on triplicate culture dishes. Data are displayed as mean ± standard
error of the mean. Asterisks above bars show comparison between treatments and controls;
P values displayed below bars of ricin plus zVAD.fmk treatment show the comparison of this
treatment to treatment by ricin alone. NS, not significantly different; *, p<0.05; **, p<0.01;
***, p<0.001.
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Figure 6.
TNF-α protein released into the culture medium after the addition of 100 ng/ml ricin for 6 hrs,
in the presence or absence of a 30 min pretreatment with 25 μM zVAD.fmk. Each treatment
was performed on triplicate culture dishes. Asterisks above bars show comparison between
treatment and control; P value displayed below bar of ricin plus zVAD.fmk treatment show
the comparison of this treatment to treatment by ricin alone. NS, not significantly different; *,
p<0.05; **, p<0.01; ***, p<0.001.
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