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Anthrax lethal toxin, which consists of two proteins, protective antigen and lethal factor, is cytolytic for
macrophages. Macrophages from different mouse strains were found to vary in their sensitivities to toxin. C3H
mouse macrophages lysed by lethal factor concentrations of 0.001 p.g/ml were 100,000 times more sensitive
than those from resistant A/J mice. We analyzed various stages of the intoxication process to determine the
basis for this resistance. Direct binding studies with radioiodinated protective antigen revealed that the affinity
(Kd, approximately 0.5 nM) and number of receptors per cell (25,000 to 33,000) were the same in sensitive and
resistant cells. Proteolytic activation of protective antigen by a cell surface protease and subsequent binding of
lethal factor were also the same in both sensitive and resistant macrophages. Resistant A/J macrophages were
not cross-resistant to other toxins and a virus which, like lethal toxin, require vesicular acidification for
activity, implying that resistance is not due to a defect in vesicular acidification. When introduced into the
cytosol by osmotic lysis of pinosomes, lethal factor in the absence of protective antigen was cytolytic for the
sensitive macrophages while resistant cells were unaffected. Thus, lethal factor by itself possesses the toxic
activity of lethal toxin. These results suggest that macrophage resistance is due to a defect at a stage occurring
after toxin internalization. A/J macrophages may lack the putative lethal factor target in the cytosol or be
defective in the further processing or activation of lethal factor in the cytosol or in endocytic vesicles.

The two anthrax protein exotoxins, edema toxin and lethal
toxin, are important virulence factors of Bacillus anthracis.
The toxins are similar to many other bacterial and plant
protein toxins in having a binding (B) component responsible
for binding the toxin to receptors on target cells and an
active (A) component responsible for toxic activity (17, 27).
The anthrax toxins are unusual in that the B and A compo-
nents exist as separate, noncovalently linked proteins. They
are unique in that they have identical B components. The
lethal toxin consists of the B protein, protective antigen (PA)
(82.7 kDa), together with a second protein, lethal factor (LF)
(approximately 83 kDa). The same B protein, PA, together
with a third protein, edema factor (EF) (88.8 kDa) composes
the edema toxin. The edema toxin produces edema when
injected into the skin of experimental animals (1, 53), and EF
has been identified as a calcium- and calmodulin-dependent
adenylate cyclase (27). The lethal toxin is lethal for animals
of several species (1, 53), but the nature of the toxic and
presumed enzymatic activity of LF remains unknown. Our
initial studies (29) with radioactive toxin components con-
firmed the B+A model and showed that cells bind PA to a
single class of high-affinity receptors. More recent work has
confirmed this observation (10). The PA is then cleaved at or
near Arg-167 by a cell surface protease, generating a cell-
bound, C-terminal, 63-kDa protein (PA63) which now pos-
sesses a second binding site to which LF or EF binds with
high affinity. The N-terminal fragment produced, of approx-
imately 20 kDa, is released from the cell surface. The
cell-bound complex of the 63-kDa PA plus LF or EF is then
transported inside the cell by receptor-mediated endocyto-
sis, passing through an acidic compartment before translo-
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cation to the cytosol (12, 18). This model is supported by the
recent finding that deletion of the protease-sensitive site of
PA near Arg-167 creates a protein that is resistant to
cleavage by the cell surface protease and nontoxic when
given with LF (51). Further evidence is provided by the
observation that the 63-kDa PA, under acidic conditions, can
insert and form channels in membranes (24).
We previously reported that macrophages from C3H mice

are lysed by anthrax lethal toxin while nonmacrophage cell
lines are resistant, suggesting that macrophages are uniquely
sensitive to the acute cytolytic effects of the toxin (12). In
this report, we show that macrophages from some mouse
strains are resistant to lethal toxin and examine the basis for
this resistance, by using sensitive and resistant cells, in our
attempts to understand the mechanism of action of anthrax
lethal toxin.

MATERIALS AND METHODS

Cell culture and cytotoxicity. Peritoneal exudate macro-
phages induced by starch or thioglycolate were obtained
from C3H/HeNHsd (C3H) (Harlan-Sprague-Dawley, Inc.,
Walkersville, Md.) and AJJ (Jackson Laboratories, Bar
Harbor, Maine) mice. Cells (5 x 105 to 7.5 x 105) were
cultured in 2-cm2 24-well tissue culture plates as previously
described (12), unless otherwise indicated. Cytotoxicity was
determined by the release of cytoplasmic lactic dehydroge-
nase (LDH) from the cell monolayer (12) and by inhibition of
protein synthesis measured by incorporation of [35S]methio-
nine (2). Results from representative experiments are pre-
sented as the percentages of cellular LDH remaining in
control cells incubated without toxin, based on the means of
triplicate samples differing by less than 10%. The suscepti-
bilities of C3H and ANJ macrophages to lethal toxin were the
same whether the cells were induced by starch or thioglyco-
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late. Unless indicated, all experiments used starch-induced
cells.
Toxin binding and analysis. PA was radioiodinated with

125I-labelled Bolton-Hunter reagent (2,000 Ci/mmol; Amer-
sham, Chicago, Ill.) to a specific activity of 1 x 107 to 1.5 x
107 cpm/,ug and LF was labelled with chloramine T to a
specific activity of 1.5 x 107 to 2 x 107 cpm/,g, respectively,
as described previously (2).
For direct binding studies, cells in 2-cm2 wells were cooled

to 4°C, washed, and incubated for the indicated times with
125I-PA in cold (4°C) minimum essential medium with Earle's
salts, without bicarbonate but containing 1% bovine serum
albumin and 25 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, pH 7.4 (binding medium). The cell monolayers
were then washed and dissolved in 0.1 N NaOH; bound
radioactivity was determined, and cell protein was measured
on duplicate or triplicate samples by an automated Lowry
procedure (30). Specific binding was determined by the
difference in the binding that occurred in the absence and
presence of a 100-fold molar excess of unlabelled PA. For
binding of 1251I-LF, cells in culture (2.5 x 106 in 4.5-cm2
wells) were cooled, preincubated in binding medium with
unlabelled PA, washed, and reincubated at 4°C with various
concentrations of 1251I-LF, as indicated below. Specific bind-
ing was determined by using unlabelled LF as described for
12 I-PA. Binding data were analyzed by the method of
Scatchard by using the LIGAND program (39).
For determination of proteolytic cleavage of cell-bound

125I-PA to PA63, the cell monolayers were washed, solubi-
lized in sodium dodecyl sulfate (SDS) sample buffer (0.0625
M Tris-HCI, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol,
0.001% bromophenol blue, pH 6.8), and analyzed on 10%
gels by SDS-polyacrylamide gel electrophoresis and autora-
diography.

Viral replication in macrophages. Vesicular stomatitis vi-
rus, Indiana strain, originally obtained from the American
Type Culture Collection, was provided by P. Jahrling, U.S.
Army Medical Research Institute of Infectious Diseases,
Frederick, Md. Viral stocks were grown in BHK cells.
Macrophages grown in 2-cm2 wells were infected with a
multiplicity of infection of 1 for 1 h at 37°C as previously
described (25). Viral growth at various times was measured
by plating dilutions of the medium and counting plaques on
Vero cells.

Introduction of LF into the cytosol. Gelonin and LF were
introduced directly into the cytosol of cells by the method of
osmotic lysis of pinosomes (44). Cells cultured in 2-cm2 wells
were washed once with hypertonic medium (0.5 M sucrose,
10% polyethylene glycol, 1% bovine serum albumin in L-15
medium) and incubated in 0.2 ml of hypertonic medium
containing various amounts of gelonin or LF for 9 min at
37°C. The monolayer was then washed with 2 ml of hypo-
tonic medium (six parts L-15 medium to four parts water)
and incubated in 2 ml of hypotonic medium for 2.5 min. Cells
were then washed and reincubated in normal medium for 16
h, at which time cytotoxicity was measured by inhibition of
protein synthesis or release of cellular LDH as described
above.

Reagents. PA and LF were purified as previously de-
scribed (28), as was Pseudomonas exotoxin A (26). Modec-
cin was obtained from Pierce Chemicals (Rockford, Ill.), the
transferrin-CRM 107 diphtheria toxin conjugate was gener-
ously supplied by V. Johnson and R. Youle (National
Institutes of Health, Bethesda, Md.), gelonin was from
Sigma Chemicals (St. Louis, Mo.), polyethylene glycol 1000
was from J. T. Baker Chemical Co. (Philipsburg, N.J.), and
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FIG. 1. Relative sensitivities of C3H (0) and A/J (0) macro-
phages to anthrax lethal toxin. Macrophages from each strain were
exposed to PA (1 jig/ml) together with various concentrations of LF.
After incubation at 37°C for 18 h, cytotoxicity was determined by
measuring the amount of LDH released from the cell monolayer.
Controls consisted of cells incubated without toxin. PA itself at 1
jig/ml caused no LDH release.

[35S]methionine (1,100 Ci/mmol) was from New England
Nuclear Corp. (Boston, Mass.).

RESULTS

Our initial studies showed that peritoneal macrophages
from C3H mice were lysed by anthrax lethal toxin, with the
minimal effective concentration of LF being 0.001 ,ug/ml
(12). Preliminary studies revealed that macrophages from
different mouse strains were either sensitive, like C3H, or
resistant (13). Macrophages from the A/J mouse strain were
highly resistant to cytolysis by lethal toxin, and we used
them in this study to determine the basis of resistance by
comparing sensitive and resistant cells. Figure 1 shows the
relative sensitivities of C3H and A/J macrophages to cytol-
ysis by anthrax lethal toxin. In the presence of excess PA (1
,ug/ml), C3H macrophages were lysed by LF concentrations
of 0.001 ,ug/ml while A/J macrophages were resistant to 10
,ug/ml. In other experiments, A/J macrophages showed less
than 50% cytolysis even when exposed to LF and PA, each
at 100 ,ug/ml (data not shown). Thus, the A/J macrophages
were more than 100,000 times less sensitive to lysis by
anthrax lethal toxin than were C3H cells. These results were
confirmed by measuring cytotoxicity by trypan blue exclu-
sion and protein synthesis inhibition (data not shown).
Toxin binding and proteolytic activation by C3H and A/J

cells. To understand the basis for the marked difference in
susceptibilities to lethal toxin, we analyzed and compared
various stages of the intoxication process in the sensitive
C3H and resistant A/J macrophages. The first step in the
interaction of lethal toxin with cells is binding of PA to a cell
surface receptor. To determine whether resistance could be
due to deficiencies in the receptor itself, we measured the
binding of 125I-PA to C3H and A/J macrophages. Scatchard
analysis of the binding data (Fig. 2) revealed that both
sensitive C3H and resistant A/J cells had a single class of
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FIG. 2. Scatchard analysis of direct binding of 125I-PA to sensitive C3H and resistant A/J macrophages. Cells were incubated with

increasing concentrations of '25I-PA (0.028 to 28 nM) for 16 h at 4°C in the absence or presence of a 100-fold molar excess of unlabelled PA.
Specifically bound radioactivity was determined and the data were analyzed by the method of Scatchard by using the LIGAND program as
described in Materials and Methods. (Insets) specific binding of 1251I-PA plotted against the concentration of free 125I-PA at equilibrium.

high-affinity receptors for PA with essentially identical dis-
sociation constants (Kds, 0.59 and 0.50 nM, respectively)
and similar numbers of binding sites per cell (32,900 and
25,600, respectively). Similar results were obtained in other

experiments measuring the displacement of radioactive PA
by increasing amounts of unlabelled ligand, suggesting that
the radioactive PA behaved identically to the unlabelled PA
(data not shown). Thus, the resistance of A/J macrophages
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FIG. 3. Time course of proteolytic cleavage of cell surface PA by sensitive C3H and resistant A/J macrophages. Cells cultured in 2-cm2
wells were cooled by incubation on ice in cold Hank's balanced salt solution for 10 min. 125I-PA (1 ,ug/ml) in cold binding medium was then
added and cells were incubated on ice for 1 h. The medium was then removed, and cells were washed with cold medium four times and
reincubated in binding medium on ice for various times. After the 1-h incubation with 125I-PA (0 time) and at the indicated times after
reincubation, cells were washed and solubilized in SDS sample buffer and equal counts for both cell types at each time point were analyzed
on 10% gels by SDS-polyacrylamide gel electrophoresis and autoradiography. PA, stock of 125I-PA applied to cells. The numbers on the right
indicate the positions and apparent molecular masses of the PA species.

was not due to a lack or deficiency in the receptor itself, as
determined by its binding characteristics.
We next examined whether resistance could be due to an

inability to proteolytically activate the cell-bound, intact
82.7-kDa PA to PA63, thereby failing to generate the binding
site for LF. Sensitive and resistant cells were incubated with
125I-PA for 1 h at 40C. The cells were then washed and
reincubated at 4°C for various periods of time. As seen in
Fig. 3, the preparation of 1`I-PA consisted essentially
entirely of the intact 82.7-kDa species. The 1`I-PA bound to
cells after a 1-h exposure similarly has a molecular mass of
82.7 kDa, as expected. However, there was progressive
conversion, over time, of cell surface bound PA to PA63 in
both sensitive C3H and resistant A/J macrophages. After 24
h at 40C, approximately 50% of the cell surface PA was
converted to PA63 in both sensitive C3H and resistant A/J
macrophages. There was no difference in proteolytic cleav-
age by the cell surface protease of sensitive and resistant
cells. Thus, cellular resistance was not due to a deficiency in
the cell surface protease which cleaves PA to expose a
binding site for LF.
The final process in the interaction of toxin with the cell

surface is the binding of LF to proteolytically activated
PA63. To determine whether the LF binding sites are the
same in sensitive and resistant cells and whether decreased
LF binding could be responsible for resistance, cells were
first incubated with nonradioactive PA for 16 h at 4°C to
allow PA to be converted to PA63. The cells were then
washed and direct binding experiments were performed with
increasing concentrations of 'I-LF. The sensitive C3H and
resistant A/J macrophages bound LF to similar degrees (data
not shown). Scatchard analysis of the data revealed that LF
bound to a single class of high-affinity receptors which
appear to be identical in the sensitive and resistant cells (data
not shown). The affinity and number of receptors in the
sensitive C3H cells (Kd, 0.084 nM; 18,000 binding sites per

cell) were the same as in the resistant ANJ macrophages (Kd,
0.086 nM; 20,900 binding sites per cell). This implies that the
LF binding site is identical in the sensitive and resistant cells
and that resistance to lethal toxin is not due to a deficiency
in LF binding but, rather, to a postbinding event.

Relative sensitivities of C3H and AIJ macrophages to other
toxins and to viral infection. We previously reported that,
after binding, lethal toxin is internalized by receptor-medi-
ated endocytosis and passes through an acidic intracellular
compartment in order to express its cytotoxicity (12). Acid-
ification of intracellular vesicles is similarly required by
many other toxins (41) and viruses (20, 32) for penetration
into the cytosol. We therefore determined whether ANJ
macrophages were also more resistant to other toxins and a
virus that require acidification for cytotoxicity or replication.
This would suggest that the macrophages are defective in
vesicular acidification. The resistant A/J and sensitive C3H
macrophages were equally sensitive to inhibition of protein
synthesis by Pseudomonas exotoxin A, modeccin, and a
transferrin-CRM 107 diphtheria toxin conjugate which intro-
duces diphtheria toxin into cells by means of the transferrin
receptor (23). The 50% inhibitory doses of each of the
respective toxins for both A/J and C3H cells were approxi-
mately 10-11, 4 x 10-13, and 5 x 1010 M (data not shown).
Similarly, we found that vesicular stomatitis virus replicated
to an equivalent peak titer at 18 h after infection, 107 PFU/ml
in both resistant A/J and sensitive C3H macrophages (data
not shown).

Direct introduction of LF into the cytosol, bypassing recep-
tor-mediated endocytosis. To determine whether the resis-
tance of ANJ cells is due to an inability to internalize and
translocate toxin to the cytosol, we attempted to bypass the
normal receptor-mediated endocytic process and introduce
LF directly into the cytosol. Our initial attempts with direct
microinjection were unsuccessful because of the high degree
of cytotoxicity caused by the injection procedure in these
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FIG. 4. Toxicity of LF introduced into the cytosol of C3H (0)

and AJJ (0) macrophages by osmotic lysis of pinosomes. LF was

introduced into macrophages by osmotic lysis of pinosomes and
protein synthesis was measured as described in Materials and
Methods.

cells. We also tried to translocate LF from the plasma
membrane by lowering the pH, as had been reported for
diphtheria toxin (9, 48) and for anthrax edema toxin with
Chinese hamster ovary cells (18). No toxicity could be
induced in C3H or A/J cells after binding of PA63 and LF in
the cold, each at concentrations up to 50 j,g/ml, followed by
treatment at pH 4.5 and reincubation in normal medium with
NH4C1 and antibody to LF to prevent entry by receptor-
mediated endocytosis (data not shown).
We next used the method of osmotic lysis of pinocytic

vesicles to introduce LF into the cytosol. This procedure has
been previously used to deliver ricin and its A chain directly
into the cell cytosol of ricin-resistant cells (15). First, we

established that sensitive C3H and resistant A/J macro-

phages were equally susceptible to the introduction of pro-

teins by the osmotic lysis procedure. For this purpose, we

used the ribosome-inactivating protein gelonin, which lacks
a B component and is relatively nontoxic when given to cells
in normal medium (54). When gelonin was introduced by the
osmotic lysis procedure, the lethal toxin-resistant A/J and
-sensitive C3H macrophages were equally sensitive, with
50% inhibition of protein synthesis occurring with approxi-
mately 0.2 ,ug/ml in both cell types (data not shown).
Gelonin, when added in normal isotonic medium, caused
50% inhibition of protein synthesis only at concentrations
higher than 20 ,ug/ml in both cell types (data not shown).
We then introduced LF, by itself, into the cytosol of

sensitive and resistant cells by osmotic lysis of pinosomes.
LF internalized by osmotic lysis was cytotoxic, in a dose-
dependent manner, for sensitive C3H macrophages as mea-

sured by either inhibition of protein synthesis (Fig. 4) or

release of cellular LDH (data not shown). The concentration
causing 50% inhibition of protein synthesis varied from 10 to
50 ,ug/ml in four different experiments. In contrast, LF, at
concentrations of up to 1,000 ,ug/ml, when introduced by
osmotic lysis was not cytotoxic for the resistant A/J cells.
LF when added by itself in normal isotonic medium for 10
min was not toxic for sensitive C3H macrophages. The
concentration giving 50% inhibition of protein synthesis was
higher than 1,000 ,ug/ml (data not shown). When LF was

given with PA in normal medium for 10 min, 50% inhibition
of protein synthesis occurred at a concentration of approx-

imately 1 jig/ml each for LF and PA (data not shown). Thus,

LF by itself in the absence of PA possesses the cytotoxic
activity of lethal toxin, and resistant A/J macrophages re-
main resistant to LF when it is introduced directly into the
cytosol.

DISCUSSION
In the experiments described here, we sought to charac-

terize the basis for the marked difference in sensitivities to
anthrax lethal toxin between sensitive C3H and resistant A/J
macrophages. A/J mice, whose macrophages are relatively
resistant, have been reported to be relatively resistant to
intravenous injection of lethal toxin; this resistance is man-
ifested by a fourfold increase in time to death compared with
other mouse strains (59). Thus, these results suggest that the
macrophage may be an important target of the lethal toxin in
vivo and may determine, in part, the susceptibility of the
whole animal to the toxin. A/J mice, in contrast to C3H
mice, are deficient in C5 and have an impaired leukocyte
inflammatory response (58). Mouse strains, including A/J,
with C5 deficiency have increased susceptibilities to infec-
tion with an attenuated B. anthracis strain (58), Listeria
monocytogenes (14), Streptococcus pneumoniae (56), and
Haemophilus influenzae (57). However, C5 deficiency is
unlikely to be related to the resistance of A/J macrophages to
anthrax lethal toxin because macrophages from other C5-
deficient mouse strains were not resistant to lethal toxin (13).
Macrophages from A/J but not C3H/HeN mice also have
defective tumoricidal capacity (3) and are permissive for
growth ofLegionellapneumophila (60). However, in prelim-
inary studies with macrophages from different mouse strains
described in references 3 and 60, we found no correlation
between tumoricidal capacity or growth in L. pneumophila
and resistance to anthrax lethal toxin (13). Further study will
be needed to determine the genetic basis of resistance to
lethal toxin.
The resistance to lethal toxin could be due to defects

occurring at any step in the intoxication process, from
binding to cell surface receptors, internalization into en-
docytic vesicles, translocation of the LF from vesicles to the
cytosol, and interaction of LF with its putative target mole-
cule within the cytosol. Our results show that the resistance
of A/J macrophages is not due to the lack or deficiency of the
cell surface receptor for PA (Fig. 2) or the cell surface
protease activity (Fig. 3). The PA63 species generated by
both resistant A/J and sensitive C3H cells were the same size
on SDS-polyacrylamide gel electrophoresis and appeared to
function identically as receptors for LF in that the affinities
and receptor numbers were the same in both cell types.
Membrane translocation of several protein toxins, includ-

ing diphtheria toxin (9, 41, 48) and Pseudomonas exotoxin A
(11, 36), and of many viruses (20, 32) from intracellular
endocytic vesicles to the cytosol appears to require acidifi-
cation of the vesicles. Several classes of cell mutants that are
cross-resistant to different toxins or to toxins and viruses
have been described as having defects in their abilities to
acidify distinct populations of intracellular vesicles of the
endosome-lysosome pathway (6, 34, 45-47, 50, 55). ANJ
macrophages were not more resistant to the cytotoxic effect
of Pseudomonas exotoxin A, modeccin, or a transferrin-
CRM 107 diphtheria toxin conjugate or to the replication of
vesicular stomatitis virus, all of which require vesicular
acidification. Furthermore, A/J macrophages did not show
an increased sensitivity to ricin (data not shown), which has
been observed in cells defective in endosomal acidification
(45-47). These results all imply that resistance ofANJ cells to
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lethal toxin is not due to a defect in acidification or some
other common vesicular function. Preliminary experiments
with postnuclear supernatants (31) revealed no difference in
the acidification abilities of A/J and C3H macrophages (data
not shown). However, acidification defects present in se-

lected vesicular compartments might not be detected with
postnuclear supernatants, and assays of endosome and ly-
sosome subpopulations may be required. It is also possible
that lethal toxin may require a lower pH for translocation
than the other toxins tested.
The resistance of A/J cells was not due to a lack of PA

receptors and was unlikely to be caused by a generalized
defect in vesicle acidification. However, it is possible that
receptor abnormalities could impair membrane translocation
of LF in A/J cells. Such a receptor defect has been postu-
lated to explain the resistance of mouse cells to diphtheria
toxin (40). Abnormalities in the receptor could also alter the
internalization and proper targeting of the toxin within the
cell, as has been described for other ligands (4, 5, 7, 21, 22,
35, 38, 43).
We attempted to introduce LF directly into the cytosol by

various procedures to bypass the receptor-mediated route.
We were not able to kill C3H or A/J macrophages by acid
treatment of surface-bound PA63 plus LF. It is unclear why
acid pH treatment was ineffective for lethal toxin while being
reported to be effective for edema toxin (18). It is possible
the different cell types used vary in their sensitivities to the
procedure or that LF requires additional intracellular pro-
cessing for translocation. However, in the experiments with
edema toxin in which amines were used, it is likely that
edema toxin was present in intracellular vesicles rather than
on the plasma membrane at the time of low pH treatment so

that toxin entered by the receptor-mediated pathway (18).
The inability to translocate toxins from the cell surface by
low pH treatment has also been noted with Pseudomonas
exotoxin A and modeccin (41).
LF, when introduced directly into the cytosol by osmotic

lysis of pinosomes, bypassing the normal receptor-mediated
entry mechanism, killed sensitive C3H cells. In contrast, A/J
macrophages remained resistant. The first finding clearly
demonstrates that LF by itself and in the absence of PA
possesses the cytotoxic activity of the two protein compo-
nents of lethal toxin and that the normal receptor-mediated
uptake mechanism is not required to produce toxicity.
Secondly, the resistance of A/J cells is unlikely to be due to
an impairment in internalization and translocation of LF to
the cytosol, but rather is more likely due to a defect
occurring at a later stage after LF reaches the cytosol. We
have recently observed similar resistances to LF, introduced
by the osmotic lysis procedure, in some macrophage-like
and nonmacrophage established cell lines (52).

Perhaps the simplest explanation for the resistance of A/J
macrophages is that they lack the putative cytosolic target
molecule of LF responsible for cell death. Alternatively, the
defect in resistant A/J cells may involve a processing of LF
that is necessary for the full expression of its activity. LF
may need to be modified enzymatically by proteolysis or in
other ways to become activated. In this regard, it is thought
that reduction of diphtheria toxin, necessary for its full
activity, occurs within the cytosol (37). LF might also
require an additional cofactor for activation or targeting to
specific organelles for expression of its lethal effect. Addi-
tionally, resistant A/J cells may inactivate the LF within the
cytosol or possess a mechanism for repairing damage due to
LF which is absent in sensitive cells. Other workers have
reported degradation of the adenylate cyclase of Bordetella

pertussis and B. anthracis by lymphocyte lysates (16). Using
lysates prepared as described by these workers, we found
that C3H and A/J macrophages degraded 125I-LF to equiva-
lent degrees (data not shown), suggesting that resistance is
not due to differential degradation in the cytosol. While the
osmotic lysis experiments suggest that any defects in resis-
tant cells occur within the cytosol, it is also possible that
they may exist within the pinosomes. The postulated activa-
tion of LF by sensitive cells and its defect in resistant cells
may occur, under the conditions of osmotic lysis, within the
pinosomes and, under normal conditions, within endocytic
vesicles. It is also possible that LF may be retained in the
pinosome of A/J macrophages in contrast to C3H macro-
phages, and this differential retention may reflect the dispo-
sition in endocytic vesicles in the receptor-mediated path-
way. Further study of the intracellular processing of 2I-LF
in ANJ and C3H cells will be of interest. Processing of several
other protein ligands has been reported to occur within
endosomes (8, 19, 33, 42, 49). Finally, it is also possible that
resistant A/J macrophages may be deficient at more than one
stage of the intoxication process and possess multiple de-
fects.
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