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The phagocytosis of erythrocytes by macrophages has previously been shown to depress macrophage
function. In this study we compared the effect of the phagocytosis of erythrocytes and erythrocyte ghosts by
Kupifer cells on the duration of the depression of complement receptor clearance function and host defense
against endotoxemia and bacteremia. Phagocytosis of erythrocytes and erythrocyte ghosts was induced in rats
by the injection of rat erythrocytes or erythrocyte ghosts coated with anti-rat erythrocyte immunoglobulin G
(EIgG and GIgG, respectively). The hepatic uptake of EIgG and GIgG (17.4 x 108/100 g) occurred during the
first 30 min after injection. The digestion of phagocytized EIgG and GIgG, as assessed by electron microscopy,
was complete at 24 and 3 h after injection, respectively. The depression of Kupifer cell complement receptor
clearance function caused by EIgG and GIgG returned to normal by 6 h after injection of EIgG and by 3 h after
injection of GIgG. Phagocytosis of EIgG depressed the survival rate after endotoxemia and bacteremia when
endotoxin or bacteria were injected at 30 min after EIgG. The survival rate returned to normal when the
endotoxin and bacteria were injected at 12 and 6 h after the EIgG, respectively. Phagocytosis of GIgG did not
depress the survival rate after endotoxemia and bacteremia. Thus, compared with erythrocytes, erythrocyte
ghosts are more rapidly digested after phagocytosis, depress complement receptor function for a shorter period
of time, and cause less depression of host defense. These findings indicate that the contents of erythrocytes play
an important role in the impairment of host defense caused by the phagocytosis of erythrocytes by Kupffer cells.

The phagocytosis of erythrocytes by macrophages is as-
sociated with a depression of macrophage function. Results
of in vitro studies have demonstrated that phagocytosis of
erythrocytes depresses the ability of macrophages to
phagocytize and kill bacteria (8, 10). The in vivo phagocy-
tosis of erythrocytes by Kupffer cells depresses the hepatic
clearance of formalinized sheep erythrocytes and Kupffer
cell complement receptor clearance function (14, 15). Eryth-
rocyte phagocytosis also increases the mortality rate caused
by endotoxin and bacterial infection (12, 14). We have also
shown that the phagocytosis of a number of erythrocytes
that depressed Kupffer cell complement receptor function
also impaired host defense (14).
The contents of erythrocytes could be responsible for the

depression of the macrophage host defense function. Hand
(9) has demonstrated that interactions between hemoglobin
and reactive products of oxygen metabolism inhibit oxida-
tive bactericidal mechanisms. Erythrocytes contain large
amounts of superoxide dismutase, catalase, and glutathione
peroxidase which could neutralize the bactericidal function
that is based on reactive products of oxygen metabolism (5,
16, 19).

In a previous study from this laboratory (15) it was

demonstrated that the hepatic uptake of erythrocyte ghosts
depressed host defense much less than intact erythrocytes.
In this study we extend this work in several ways. (i)
Erythrocytes and erythrocyte ghosts coated with anti-rat
erythrocyte immunoglobulin G (EIgG and GIgG, respec-
tively) were used so that the phagocytosis of erythrocytes
and ghosts was more likely to be mediated by the same
mechanism; (ii) the phagocytosis of erythrocytes and ghosts
by Kupffer cells was verified and quantified; (iii) the length of
time required for Kupffer cells to digest phagocytized eryth-
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rocytes and ghosts was determined; (iv) the duration of the
depression of Kupffer cell complement receptor clearance
function was determined; and (v) the time course of diges-
tion and recovery of normal complement receptor function
was compared with the duration of increased susceptibility
to endotoxemia and bacteremia after the phagocytosis of
erythrocytes and ghosts.

MATERIALS AND METHODS
Determination of hepatic uptake of EIgG and GIgG. In-

bred, male Sprague-Dawley rats (weight, 200 to 250 g) were
used for all experiments. Guidelines established by the
National Institutes of Health (Bethesda, Md.) for the use of
experimental animals were adhered to throughout this inves-
tigation. Rat erythrocyte ghosts were prepared by suspend-
ing packed erythrocytes in 25 volumes of 5 mM phosphate
buffer (pH 8.0). After 30 min at room temperature, a 0.1
volume of 9% NaCl was added, and the suspension was

incubated for 30 min at 37°C. The erythrocyte ghosts were
washed 3 times and contained about 10% of the hemoglobin
present in erythrocytes. Erythrocytes or erythrocyte ghosts
coated with IgG were prepared as described previously (14).
Briefly, washed erythrocytes or ghosts were incubated with
anti-rat erythrocyte IgG (U.S. Biochemical Corp.) at 37°C
for 30 min. The concentration of antibody used for the
preparation of EIgG and GIgG was adjusted to obtain 65 to
80% hepatic localization of the EIgG at 10 min after injection
of 2.9 x 108 EIgG per 100 g of body weight. For this study,
EIgG, erythrocytes, GIgG or ghosts labeled with 51Cr were

injected intravenously (i.v.) at a dose of 17.4 x 108/100 g;
and localization in the liver, spleen, and lungs was deter-
mined at several time points after injection. Separate groups
of animals were evaluated at each time point. Organ local-
ization of radioactivity was not corrected for the blood that
was present in the organs.
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TABLE 1. Time course of hepatic, splenic, and pulmonary
localization of erythrocytes, EIgG, and GigGa

Time (h) after No. of erythrocytes or ghosts (108) inb:
injection and cell type Liver Spleen Lungs

0.5
Erythrocytes 1.64 ± 0.12 0.97 ± 0.13 0.43 ± 0.02
EIgG 19.73 + 1.29 9.56 ± 0.25 0.26 ± 0.03
GIgG 31.84 ± 0.43 3.91 ± 0.33 0.57 ± 0.05

3
Erythrocytes 1.35 ± 0.08 0.83 ± 0.09 0.48 ± 0.04
EIgG 22.00 ± 1.32 16.92 ± 0.85 0.13 ± 0.01
GIgG 30.70 ± 0.91 4.23 ± 0.26 0.36 ± 0.05

6
Erythrocytes 1.20 ± 0.06 0.55 ± 0.03 0.39 ± 0.01
EIgG 21.53 ± 1.04 17.67 ± 0.46 0.09 ± 0.01
GIgG 29.15 ± 0.51 3.96 ± 0.37 0.25 ± 0.05

12
Erythrocytes 1.63 ± 0.07 0.80 ± 0.07 0.44 ± 0.03
EIgG 22.96 ± 0.96 16.49 ± 1.04 0.09 ± 0.01

24
Erythrocytes 1.35 ± 0.04 0.90 ± 0.07 0.41 ± 0.01
EIgG 19.44 + 0.85 15.00 ± 0.61 0.12 ± 0.03

a Erythrocytes, EIgG, and GIgG were injected at a dose of 17.4 x 108/
100 g.

b Values are the number of erythrocytes or erythrocyte ghosts (108) per
organ and are the mean ± standard error with six animals per group.

Quantification of the number of phagocytized EIgG and
GIgG. Quantitative electron microscopy was used to deter-
mine the time course of the digestion of phagocytized EIgG
and GIgG. At the designated time after the injection of EIgG,
the animals were anesthetized with sodium pentobarbital (30
mg/kg i.v.) and heparinized (1 U/g), and the portal vein was
cannulated. The liver was perfused with 20 ml of phosphate-
buffered saline (0.9% NaCl and 50 mM phosphate buffer [pH
7.4]) at a perfusion pressure of 15 cm of water. This was
followed immediately by perfusion with 20 ml of 2.5%
glutaraldehyde in 0.15 M sodium cacodylate buffer contain-
ing 2 mM CaCl2 (pH 7.4, 360 mosmol). Two equally spaced
biopsy samples were taken from the left lobe of the liver, cut
into 1-mm cubes, and immersed in the same fixative for 2 h.
Tissue sections were washed twice for 15 min in 0.15 M
sodium cacodylate buffer (pH 7.4), postfixed with 1%
osmium tetroxide buffered in 0.15 M sodium cacodylate (pH
7.4) for 1.5 h, dehydrated in a graded series of ethanol and
propylene oxide, and embedded in Poly Bed 812 (Polysci-
ences). Thin sections were cut on a ultramicrotome (LKB
Instruments, Inc., Rockville, Md.), mounted on 300-mesh
copper grids, stained with uranyl acetate and lead citrate,
and visualized in an electron microscope (JOEL 100CX).
To quantify the number of EIgG and GIgG ingested by

Kupffer cells, 20 to 30 Kupffer cells per animal were ran-
domly examined with the electron microscope. The percent-
age of Kupffer cells containing ghosts, intact erythrocytes,
and/or partially digested erythrocytes was determined.
Phagocytized erythrocytes were considered to be partially
digested if they did not have an intact cell membrane and the
cell contents no longer had a uniform dense appearance.
Animals were studied at 0.5, 3, 6, 12, and 24 h after the
injection of EIgG and 0.25, 0.5, and 3 h after the injection of
GIgG.

Determination of Kupifer cell complement receptor clear-

ance function. Complement receptor function was deter-
mined as described previously (3). Briefly, rat erythrocytes
were coated with rabbit anti-rat erythrocyte IgM. Antibody
was obtained from rabbits immunized with rat erythrocytes,
and the IgM fraction of the antiserum was separated from the
IgG fraction by gel filtration. Washed rat erythrocytes la-
beled with 51Cr were incubated with the anti-erythrocyte
IgM for 30 min at 37°C. The concentration of antibody used
was adjusted to obtain 75 to 85% hepatic localization of
EIgM at 10 min after injection of 2.9 x 108 EIgM per 100 g.
Kupffer cell complement receptor clearance function was
assessed from the hepatic localization of EIgM (2.9 x
108/100 g) at 10 min after i.v. injection.
Complement receptor function was determined at 0.5, 3,

6, 12, and 24 h after the injection of EIgG and at 0.5, 3, and
6 h after the injection of GIgG. There were small variations
in the hepatic uptake of each preparation of EIgM; therefore,
each individual experiment was completed with a single
preparation of EIgM. Controls received an injection of
erythrocytes that were not coated with IgG.

Endotoxemia. Endotoxin (Salmonella enteritidis, lipopoly-
saccharide B; Difco Laboratories, Detroit, Mich.) was in-
jected i.v. at a dose of 0.2 mg/100 g. The endotoxin was
injected at 0.5, 3, 6, 12, and 24 h after the injection of EIgG
and at 0.5 h after the injection of GIgG. Controls received an
equal volume of phosphate-buffered saline. None of the
animals died before 6 h after the injection of endotoxin, and
the survival rate was recorded at 24 h.

Bacteremia. Pseudomonas aeruginosa PA1348A were
grown on nutrient agar plates for 18 h, washed twice in
phosphate-buffered saline, and enumerated by determining
the optical density against pour plate standards. The bacteria
were injected i.v. at a dose of 8.75 x 108 per animal at 0.5,
3, 6, and 12 h after the injection of EIgG and at 0.5 h after the
injection of GIgG. Controls received an equal volume of
PBS. The survival rate was recorded 48 h after injection of
the bacteria. This strain of P. aeruginosa is resistant to
killing by serum when grown on nutrient agar (4).

Statistics. Data were expressed as the mean + standard
error of the mean. Two group comparisons were analyzed by
the Student's t test, and multiple group comparisons were
analyzed by the one-factor analysis of variance. Survival
data were analyzed by the Fisher exact test. The level of
confidence was placed at 95% for all experiments.

RESULTS

The hepatic uptake of EIgG occurred during the first 0.5 h
after injection (Table 1). There were only small changes in
the hepatic localization of EIgG from 0.5 to 24 h after
injection. Splenic localization of EIgG increased during the
first 3 h after injection. Localization of EIgG in the lungs was
less than 1% of the injected dose. The total localization of
EIgG in the liver and spleen at 3 h after injection was 84% of
the injected dose. At this time point label recovery was 92%
(including blood radioactivity), so most of the erythrocytes
were removed from the blood by the liver and the spleen.
Rat erythrocytes not coated with antibody showed low organ
localizations, most of which was probably due to the blood
content of the organs.
As with the EIgG, hepatic uptake of GIgG occurred during

the first 0.5 h after injection (Table 1). Splenic uptake
increased only slightly at 3 h, probably because the hepatic
uptake of GIgG was 85% of the injected dose and so few
GIgG remained in the blood to be taken up by the spleen.
Hepatic uptake of ghosts not coated with antibody was 22.56
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x 108 + 1.96 x 108 ghosts at 30 min after injection. This high
hepatic uptake of ghosts may account for the greater hepatic
uptake of GIgG than EIgG.

Electron microscopic examination of the livers of
noninjected animals or animals injected with erythrocytes
not coated with antibody showed that less than 2% of the
Kupffer cells contained phagocytized erythrocytes. In ani-
mals injected with 17.4 x 108 EIgG per 100 g, more than 35%
of the examined Kupffer cells contained intact erythrocytes
at 0.5 h after injection (Fig. 1). This value was unchanged at
3 h after injection, decreased to 15.8% by 6 h, and was less
than 4% at 12 and 24 h. Thus, half of the ingested erythro-
cytes were disrupted by 6 h, and essentially none of the
Kupffer cells contained intact erythrocytes by 12 h. The
percentage of Kupffer cells containing partially digested
erythrocytes was less than 5% at 0.5 h, reached a peak of
29% at 6 h, was 25% at 12 h, and decreased to 0% at 24 h.
Electron micrographs showing examples of a phagocytized
intact erythrocyte and partially digested erythrocytes at 0.5,
6, and 12 h are presented in Fig. 2.
An electron micrograph of a Kupffer cell that phagocyt-

ized an erythrocyte ghost is shown in Fig. 2. The time
required for the digestion of phagocytized erythrocyte
ghosts was much less than that for erythrocytes (Fig. 3). At
15 min after injection a greater percentage of Kupffer cells
had phagocytized erythrocyte ghosts than had phagocytized
erythrocytes at 30 min, which is consistent with the greater
hepatic uptake of labeled ghosts by the liver. The percentage
of Kupffer cells containing ghosts had already decreased by
30 min and was less than 10% by 3 h after injection. Less
than 10% of the Kupffer cells had ghosts attached to their
surfaces at 15 min after injection.
There was a clear discrepancy between the presence of

51Cr in the liver and the documentation of digestion of
erythrocytes and ghosts by electron microscopy (Table 1 and
Fig. 1 and 3). There was little decrease in the radioactivity in
the liver after the phagocytosis of 5tCr-labeled erythrocytes
or ghosts over the 24- and 6-h observation periods, respec-
tively. The histological data, however, showed total diges-
tion of the phagocytized erythrocytes and ghosts over these
respective time periods.

Kupffer cell complement receptor clearance function was
depressed at 0.5 and 3 h after the injection of EIgG (Fig. 4).
There was a small but statistically significant depression at 6
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FIG. 1. Time course of the digestion of erythrocytes that were
phagocytized by Kupffer cells. EIgG were injected at a dose of 17.4
x 108/100 g, and separate groups of animals were evaluated at the
inidcated times after injectin. By using quantitative electron micro-
scopic methods, 20 to 30 Kupffer cells were evaluated per animal for
the presence of intact erythrocytes, partially digested erythrocytes,
or both. Values for the mean + standard error with six animals per
group.

h after injection. Complement receptor function was not
depressed at 12 and 24 h after the injection of EIgG. After
injection of GIgG receptor function was depressed at 0.5 h
but not at 3 h (Fig. 5). Receptor function was also depressed
at 1 h after the injection of GIgG (data not shown). Thus,
complement receptor function was depressed for a longer
period of time following the phagocytosis of EIgG than that
of GIgG, and recovery of normal receptor function was
associated with the digestion of the phagocytized erythro-
cytes or ghosts.
The survival rate following endotoxemia was decreased

when endotoxin was injected at 0.5, 3, or 6 h after the
injection of EIgG (Table 2). The survival rate following
bacteremia was depressed when P. aeruginosa were injected
at 0.5 or 3 h after the injection of EIgG (Table 3). The
survival rate following endotoxemia and bacteremia was not
depressed by the injection of GIgG. Thus, the phagocytosis
of erythrocytes had a much greater effect on host defense
than phagocytosis of erythrocyte ghosts, and recovery of
normal host defense was associated with the disruption of
erythrocytes that were phagocytized by Kupffer cells.

DISCUSSION

Results of previous work from this laboratory (14) have
shown that the hepatic uptake of EIgG, injected at a dose of
2.9 x 108/100 g, reached a maximum value by 10 min after
injection. In this study we have shown that the hepatic
uptake of a larger dose of EIgG (17.4 x 108/100 g) occurred
entirely during the initial 30 min after injection. After injec-
tion, the EIgG activate complement and become coated with
C3b/C3bi, which, in turn, mediates the binding to Kupffer
cells (7). Within 30 min, the C3b/C3bi on the surface of the
EIgG is converted to C3d, which does not bind to Kupffer
cells. Prior depletion of complement with cobra venom
factor results in very low hepatic uptake of EIgG, indicating
that Fc receptors on Kupffer cells play little role in the in
vivo hepatic clearance of EIgG (7, 14). Therefore, the time
course of the hepatic uptake of EIgG is explained by the
deposition and subsequent degradation of opsonic comple-
ment components on the EIgG. While Fc receptors are not
responsible for the clearance of EIgG, these receptors are
necessary for the phagocytosis of EIgG. This is demon-
strated by the observation that EIgM, which do not interact
with Fc receptors, bind to Kupffer cells but are not
phagocytized and then are released back into the blood when
the opsonic complement factors are degraded (7, 14). In this
study electron microscopic observations confirmed that the
hepatic uptake of EIgG and GIgG was the result of binding to
and phagocytosis by Kupffer cells. EIgG and GIgG did not
bind to endothelial cells, which is consistent with the results
of a study by Muto and Fujita (17).

In contrast to Kupffer cells, Fc receptors on splenic
macrophages can mediate the clearance of EIgG (7). This is
indicated by the increase in splenic uptake of EIgG between
30 min and 3 h after injection. Splenic uptake of EIgG or
GIgG did not increase after 3 h or 30 min, respectively,
because at these times nearly all of the injected dose was
localized in the liver and spleen. Localization of EIgG and
GIgG in the lungs never exceeded 1% of the injected dose.

Kupffer cells are well known to be capable of digesting
phagocytized erythrocytes (18). There are few reports in the
literature, however, on the time required to digest a given
number of ingested erythrocytes. In this study more than 3 h
was required before there was a decrease in the proportion
of Kupffer cells containing intact erythrocytes. By 24 h
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FIG. 2. Transmission electron micrographs showing the phagocytosis and digestion of erythrocytes and erythrocyte ghosts. (A) A Kupffer
cell (K) containing an intact erythrocyte (E) at 0.5 h after injection of EIgG. H, hepatocyte. (B) A Kupffer cell containing a partially digested
erythrocyte (E) at 6 h after the injection of EIgG. (C) A Kupffer cell containing a partially digested erythrocyte (E) at 12 h after the injection
of EIgG. (D) A Kupffer cell containing an erythrocyte ghost (G) at 0.5 h after the injection of GIgG. Bars, 1 gm. Magnifications: panel A,
x 6,750; panels B and C, x 5,780; panel D, x 14,530.

phagocytized erythrocytes were completely digested by the
Kupffer cells. The digestion of phagocytized ghosts by
Kupffer cells proceeded much more rapidly than the diges-
tion of erythrocytes. This faster digestion of ghosts occurred
in spite of the fact that a larger number of ghosts than

erythrocytes were phagocytized and that the percentage of
Kupffer cells containing phagocytized ghosts was initially
greater than the percentage containing erythrocytes.
The lack of concurrence of hepatic localization of 51Cr and

histological data on erythrocyte and ghost digestion by
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FIG. 3. Time course of the digestion of erythrocyte ghosts that
were phagocytized by Kupffer cells. GIgG were injected at a dose of
17.4 x 108/100 g, and separate groups of animals were evaluated at
the indicated times after injection. By using quantitative electron
microscopic methods, 20 to 30 Kupffer cells were evaluated per

animal for the presence of intact erythrocyte ghosts. Values are the
mean ± standard error with six animals per group.

Kupffer cells indicates that hepatic localization of 5"Cr
cannot be used as an index of erythrocyte digestion. Other
investigators (11, 13, 20) have shown that the uptake of
5"Cr-labeled erythrocytes by the liver is followed by a slow
loss of radioactivity from the liver. The results of this study
indicate that the loss of radioactivity from the liver is a much
slower process than digestion of phagocytized erythrocytes.

Results of our previous studies (14) have shown that the
decrease in the hepatic uptake of EIgM following injection of
EIgG is the result of an impairment of the binding of EIgM to
Kupffer cells. This conclusion is based on the observation
that the dose of EIgG employed does not depress comple-
ment levels or hepatic blood flow enough to cause a decrease
in the hepatic uptake of EIgM. Therefore, the decrease in
hepatic uptake of EIgM represents a reduction in Kupffer
cells complement receptor clearance function.

Kupffer cell complement receptor function was depressed
following the phagocytosis of both EIgG and GIgG. This
finding is consistent with results of our previous work (15), in
which we showed that the hepatic uptake of ghosts de-
presses the hepatic clearance function and which suggests
that the act of phagocytosis is capable of depressing the
subsequent Kupffer cell clearance function. The duration of
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FIG. 4. Time course of the depression of the Kupffer cell com-

plement receptor clearance function after the injection of EIgG.
Unlabeled EIgG were injected at a dose of 17.4 x 108/100 g, and the
complement receptor function was evaluated at the indicated times
after injection. Labeled EIgM were injected at a dose of 2.9 x

108/100 g, and hepatic localization was determined 10 min after
injection. Values are expressed as the percentage of the injected
dose (%ID) of EIgM localized in the liver and are the mean +
standard error with six animals per group. There was a significant
difference (P < 0.05) between the control and the experimental
groups at the 0.5-, 3-, and 6-h time points.
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FIG. 5. Time course of the depression of the Kupffer cell com-
plement receptor clearance function after the injection of GIgG.
Unlabeled GIgG were injected at a dose of 17.4 x 108/100 g, and the
complement receptor function was evaluated at the indicated times
after injection. Labeled EIgM were injected at a dose of 2.9 x
108/100 g, and hepatic localization was determined 10 min after
injection. Values are expressed as the percentage of the injected
dose (%ID) of EIgM localized in the liver and are the mean ±
standard error with six animals per group. There was a significant
difference (P < 0.05) between the control and experimental groups
at the 0.5-h time point.

the depression of receptor function is apparently related to
the time required for digestion of the phagocytosed mater-
ial.

In previous studies (14, 15) it has been shown that the
phagocytosis of erythrocytes is associated with increased
mortality following endotoxin shock and bacterial infection.
We have also shown (14, 15) that the injection of erythro-
cytes that are not coated with antibody are not phagocytized
and do not increase the mortality rate after endotoxemia or
bacteremia. Results of this sttidy extend these observations
by demonstrating that the recovery of normal host defense
function requires about the same amount of time as that
required to at least partially digest the phagocytized eryth-
rocytes.

Depression of the Kupffer cell complement receptor clear-
ance function has been shown (2, 3) to be associated with
several states of depressed host defense, including injury,
phagocytosis of particulate material, endotoxemia, and
bacteremia. Additionally, the complement receptor clear-
ance function was depressed by doses of EIgG that in-
creased susceptibility to endotoxemia and bacteremia (14).

TABLE 2. Time course of the effect of phagocytosis of EIgG
or GIgG on survival rate after endotoxin shock

Cell type and time % Survivalb
(h) after injection" Control Experimental

EIgG
0.5 75 35C
3 80 25c
6 75 15c
12 85 85
24 85 100

GIgG, 0.5 65 45
a Endotoxin (S. enteritidis) was injected at a dose of 0.2 mg/100 g at the

indicated times after injection of 17.4 x 108 EIgG or GIgG per 100 g.
bSurvival was recorded at 24 h after the injection of endotoxin. There were

20 animals per group.
P < 0.05.

6 hr.
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TAB3LE 3. Time course of the effect of phagocytosis of EIgG
or GIgG on survival rate after bacterial infection

Cell type and time % Survivalb
(h) after injection" Control Experimental

EIgG
0.5 90 20C
3 80 20C
6 95 85
12 90 100

GIgG, 0.5 80 95

aP. aeruginosa was injected at a dose of 8.75 x 108 at the indicated times
after injection of 17.4 x 101 EIgG or GIgG per 100 g.

b Survival was recorded at 48 h after the injection of the bacteria. There
were 20 animals per group.

C P < 0.05.

In this study we have demonstrated that the time course of
the EIgG-induced depression of the complement receptor
clearance function is similar to that of the depressed host
defense. The phagocytosis of ghosts, however, did not
depress host defense but did depress complement receptor
function. This may have been due to the brief depression of
the Kupffer cell receptor function after the phagocytosis of
ghosts.
The rationale for implicating complement receptor func-

tion in host defense is strengthened by the observation that
individuals with a hereditary deficiency of CR3 (the comple-
ment receptor that binds C3bi) have severe recurrent bacte-
rial infections (6, 21, 22). In some cases the deficiency may
not be restricted to CR3 and includes other important
surface proteins on lymphocytes, granulocytes, and macro-
phages (6, 22).
The mechanism of the increased susceptibility to bacterial

infection and endotoxin shock following the phagocytosis of
erythrocytes by Kupffer cells remains to be determined. The
difference in the effect of erythrocyte or ghost phagocytosis
on host defense may simply be due to the greater mass of
material that is internalized when erythrocytes are phagocy-
tized. The nature of the erythrocyte contents, however, may
also be important in this regard. Erythrocytes contain large
amounts of superoxide dismutase, catalase, and glutathione
peroxidase that could neutralize reactive oxygen metabolites
and thereby decrease bactericidal function (5, 16, 19). Eryth-
rocytes have been shown to prevent hydrogen peroxide-
mediated damage to lung endothelial cells and leukemia cells
(1, 23). Also, it has been shown that erythrocyte phagocy-
tosis depresses macrophage antibacterial function and that
hemoglobin can scavange reactive oxidative products (8-10).
Therefore, the contents of erythrocytes appear to be capable
of interfering with the host defense function of macrophages.
The recovery of normal macrophage function, when partially
digested erythrocytes were still present within Kupffer cells,
may be due to inactivation of enzymes and denaturation of
hemoglobin in the harsh environment of the phagolysosome.
Additionally, the recovery of normal host defense function
may be mediated by more than just the time required to
regenerate or recycle receptors to the Kupffer cell surface,
because the phagocytosis of erythrocyte ghosts did not
depress host defense function. Other factors such as the
impairment of bacterial clearance or depression of several
aspects of macrophage function that may be associated with
the depressed complement receptor function could contrib-
ute to the impairment of host defense against infection.
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