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SUMMARY

Upon i.v. injection into humans, pre-formed immune complexes bind complement and adhere to
complement receptor type 1 (CR1, CD35) on erythrocytes (immune adherence). However, in most
circumstances antigen and antibody react in the presence of complement; such nascent immune
complexes may have properties different from pre-formed immune complexes. To define whether
nascent immune complexes would also adhere to erythrocytes in vivo in humans, we studied immune
complexes that formed upon i.v. injection of radiolabelled hepatitis B surface antigen (HBsAg) into
immunized volunteers (eight subjects with anti-HBsAb levels ranging from undetectable to 50 U/ml.;
and three control non-immune individuals). Immune complexes formed immediately in the subjects
with detectable levels of specific antibody, and the clearance rate of these immune complexes
correlated with the anti-HBsAb level (t=0-78, P<0-01). A fraction of the circulating immune
complexes bound to erythrocytes in the three individuals with the highest antibody level (8-15% at 10
min). The effect of CR1 number per erythrocytes was analysed in two subjects with similar antibody
levels and immune complexes clearance rates: immune adherence was higher in the subject with more
CRI1 per erythrocytes. The same immune complexes model studied in vitro provided similar results: a
fraction of nascent immune complexes bound to human erythrocytes; this immune adherence was
observed only when immune complexes formed in the presence of antibody excess, and correlated
with CR1 number per erythrocytes (r=0-99, P<0-01). Finally, adherence of nascent HBsAg-
antibody immune complexes to platelets was demonstrated in rabbits. Although immune adherence
involves only a small fraction of nascent immune complexes at any given time, it may be essential for
the safe disposal of large nascent immune complexes.
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INTRODUCTION

Recent evidence suggests that complement and the C3b receptor
(CR1, CD35) on erythrocytes are involved in the transport and
processing of immune complexes in the circulation. In experi-
ments performed in monkeys, it has been shown that large pre-
formed immune complexes injected intravenously fix comple-
ment and bind to CR1 on erythrocytes (Cornacoff er al., 1983;
Waxman et al., 1984; 1986). A similar sequence of events has
been described in the circulation in humans after the i.v.
injection of pre-formed tetanus toxoid/anti-tetanus toxoid
immune complexes (Paccaud et al., 1987; Schifferli et al., 1988;
1989). Immune adherence may prevent the deposition of
immune complexes in organs outside the fixed macrophage
system (Waxman et al., 1986).
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However, under most circumstances, immune complexes
form directly in the presence of complement whether the
antigen-antibody reaction occurs in or outside the circulation.
Such nascent immune complexes react immediately with com-
plement and they acquire unique properties, i.e. they remain
soluble (Schifferli et al., 1985) and they have a reduced (or
absent) capacity to adhere to human erythrocytes (Schifferli &
Peters, 1983; Varga, Thiry & Fiist, 1988; Paccaud, Steiger &
Schifferli, 1989). However, this is not a general rule, and some
nascent immune complexes have been shown to react with
complement receptors on circulating cells. In particular, it has
been shown that nascent DNA-anti-DNA complexes adhere to
erythrocytes in monkeys and to platelets in rabbits (Edberg,
Kujala & Taylor, 1987) [platelets bear the immune adherence
receptor in rabbits (Taylor et al., 1985)]. It is not known whether
nascent immune complexes formed in the circulation in humans
would bind to erythrocytes.

In this study we analysed the sequence of events that takes
place when immune complexes are formed directly in vivo by the
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injection of radiolabelled hepatitis B surface antigen (HBsAg)
into immunized individuals. Initial experiments performed in
vitro, and in vivo in rabbits, indicated that a small fraction of
nascent immune complexes may become immune adherent in
humans. This is what we observed in the three individuals with
the highest level of antibody to HBsAg (anti-HBsAb).

MATERIALS AND METHODS

Antigen, antibody and CR1 measurements

HBsAg was kindly provided by Dr P. Adamovicz (Pasteur
Institute, Paris). The HBsAg (mol. wt 3 000 kD) was dialysed
against phosphate-buffered saline (PBS), pH 7-4. The HBsAg
was radiolabelled with the Bolton and Hunter reagent
(N-succinimidyl-3-(4-hydroxy,5-['*I] iodophenyl)propionate)
(Amersham International, Amersham, UK) to a specific activity
of 2-3 uCi '»I/ug HBsAg (Bolton & Hunter, 1973). The
preparation was sterile and pyrogen-free when tested in two
rabbits. Penicillin G (250 000 U/ml) and streptomycin (2-5 mg/
ml) were added, and aliquots were stored at 4°C for no more
than 4 weeks. Sera were obtained from recently immunized
individuals; their anti-HBsAb level was measured by a solid-
phase ELISA [Ausab® EIA, Abbott Laboratories, Zug, Swit-
zerland).

Erythrocyte CR1 numbers were measured as previously
described (Ross et al., 1985) using a mouse monoclonal anti-
CRI1, El11 (kindly provided by Dr N. Hogg) radiolabelled to a
specific activity of 0-47 uCi/ug using the iodogen method
(Fraker & Speck, 1978).

In vitro immune adherence assay

Human erythrocytes. This assay was performed in two steps:
first, nascent immune complexes were formed in the presence of
normal human serum using 50-76 ng of '*I-HBsAg, and 12-5-
50 ul of immune sera. The mixtures (final volume 100 ul in PBS)
were incubated at 37°C. Controls included EDTA (10 mM)
chelated mixtures and serum devoid of anti-HBsAb activity.
Then, after various periods of time (when not indicated, 15 min),
aliquots (15 ul) were removed and added to 300 ul of erythro-
cytes suspended to an haematocrit of 5%, in PBS-bovine serum
albumin (BSA) 1% w/v. After incubation for 15 min at room
temperature, the cells were layered on 200 ul of dibutylphtalate/
dinonylphtalate (4/1, v/v) in 400-ul capacity Eppendorf tubes,
and centrifuged at 10 000 g for 30 sec. The tubes were then
clipped, and pellets and supernatants counted for radioactivity.
Controls included trypsin-treated erythrocytes (Paccaud et al.,
1987). All assays were done in duplicate.

Human erythrocytes and rabbit platelets, using whole blood.
Preliminary experiments have shown that complement acti-
vation was slightly delayed, but not blocked in whole blood
chelated with 1/10 citrate (sodium citrate 2H,0, 31-3 g/l).
Radiolabelled HBsAg (165 ng) was added into 300 ul of citrated
whole blood and incubated for 15 min at 37°C. The cells were
washed twice with ice-cold PBS by centrifuging at 10000 g at
4°C for 10 min. The experiments were performed using immune
or non-immune whole blood; controls included assays per-
formed in the presence of 10 mm EDTA, and using citrated
plasma instead of whole blood. All assays were done in
duplicate. The percentage of counts pelleted in non-immune
blood, in blood chelated with 10 mm EDTA and in citrated

plasma was always below 5-8% in rabbits and 2-5% in humans.
Thus binding below these values was considered as non-specific
for immune adherence.

Erythrocyte labelling with ¥"Tc

Erythrocytes were labelled under sterile conditions with #™Tc in
vitro using gluco-scintimed solution (stannous gluco-ene-dio-
late) (Banna Laboratories, Geneva, Switzerland). Whole blood
(1-25 ml) was first incubated with 25 ul of gluco-scintimed
solution for 5 min at 22°C with gentle intermittent shaking. The
mixture was then washed once with 10 ml of sterile isotonic
saline before adding 100 uCi of ®™Tc. After an incubation of 10
min at 22°C, the erythrocytes were washed three times with 10
ml saline before use.

Studies in rabbits

Two white rabbits were immunized with HBsAg (10 ug) once in
Freund’s complete adjuvant (FCA) and twice in Freund’s
incomplete adjuvant (FIA) at 2-week intervals. The experiments
were carried out 3 weeks after the last immunization. Two non-
immune rabbits served as controls. Each rabbit was injected
intravenously with 950 ng of 'I-HBsAg that had been mixed
with a 500 ul suspension of autologous *™Tc-labelled erythro-
cytes (5:8-10-9 uCi) as a bolus; ®™Tc-labelled erythrocytes
facilitated accurate estimation of blood volume. Blood samples
of 600 ul were drawn into EDTA after various time intervals.
Platelets were then separated from blood samples by processing
immediately at 4°C; 500-ul samples were centrifuged at 10000 g
for 10 min at 4°C, conditions shown to be sufficient to separate
the platelets (> 95% in the pellets) from the plasma. The pellets
were washed once in PBS at 4°C. ™Tc and '#I activity in the
samples was measured using a twin-channel gamma-counter.
The sum of the first supernatant and the PBS wash was taken to
represent total plasma radioactivity.

Human studies

These studies were approved by the Ethical Committee of the
Department of Medicine, Hopital Cantonal Universitaire,
Geneva. The normal volunteers included eight individuals (five
men, three women) who had been immunized against hepatitis B
between 6 and 3 months previously, and three non-immune
individuals (2 men and one woman). They were aged between 22
and 30 years old. Specific anti-HBsAb levels in the immune
subjects were, respectively: undetectable (<0-01 U/ml), 0-033,
0-32, 0-38, 0-4, 28:6, 34-7 and 50 U/ml. CR1 numbers per
erythrocytes in the three subjects with the highest antibody level
were, respectively 601, 487 and 186.

Two to four hours before the injection of the antigen, the
subjects were tested for immediate hypersensitivity reaction by
anintradermal injection of 50 ul of a HBsAg suspension (1:1000
in 0-9% NaCl). All subjects received 1-5 ml of 5% Lugol solution
at least 3 h before the injection and then three times a day for 48
h. They were injected intravenously in less than 5 sec with a
mixture containing 2 ug of 'I-HBsAg and 8-20 uCi of *™Tc-
labelled autologous erythrocytes. Blood samples were drawn
from an indwelling canula in a peripheral vein in the opposite
arm, at different time intervals and immediately processed at
4°C, as above. Radioactivity was measured in samples of whole
blood (2 ml) and of erythrocytes that had been washed twice
with 10 ml of cold PBS. TCA-precipitable counts were deter-
mined in each blood sample.
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Demonstration of immune complex formation in vivo
Sucrose density gradient ultracentrifugation (SDGU) (Schifferli
et al., 1985) (10-50% w/w, 35000 rev/min for 3 h) was
performed on plasma samples obtained at 1, 2, 4, 6 and 8 min
after injection. Each run included free '*I-HBsAg. The appear-
ance of radiolabelled antigen in larger mol. wt fractions was
considered as indicative of immune complex formation.
Samples were also analysed by affinity chromatography on
protein A (protein A-Sepharose, Pharmacia Fine Chemicals,
Uppsala, Sweden). Preliminary experiments demonstrated that
more than 80% of the radioactivity was recovered in the effluent
when 'ZI-HBsAg was mixed with non-immune serum before
being applied to protein A-Sepharose. By contrast, less than
10% was recovered in the effluent when 'I-HBsAg was first
mixed with immune serum, indicating that immune complexes
had formed.

Assessment of immune adherence and immune elimination in vivo
In rabbits and humans, the immune adherence was calculated as
follows: percentage immune adherence =['?’I counts recovered
in the pellet (containing platelets in rabbits, and erythrocytes in
humans) x 100}/TCA precipitable %I counts present in whole
blood. As previously reported (Schifferli ez al., 1988), the initial
elimination rate of 'I-HBsAg (until 4 min) was determined
using the !'ZI:¥"Tc ratios as follows: elimination rate (in
percentage) = [(TCA-precipitable '>1:%"Tc ratio in the whole
blood) x 100]/(TCA-precipitable '25I:%™Tc¢ ratio of the sample
injected). The elimination rate in later samples was directly
computed from the rate of clearance of TCA-precipitable '*I
from whole blood, using the 4-min sample as the reference value.

Statistical analysis
When appropriate we used the linear or the Kendall rank
correlation coefficients (r and 7).

RESULTS

Immune adherence of nascent HBsAg—HBsAb complexes in vitro
Three of the main factors that would influence immune
adherence in the circulation in humans were assesed in vitro.
First, the kinetics of the reaction were followed when HBsAg
was added to immune serum. The formation of immune
complexes was immediate, as measured by retention of the
antigen by protein A-Sepharose (see Materials and Methods).
The nascent immune complexes formed acquired the capacity to
bind to erythrocytes after 2 min, and this capacity became
maximal at 15 min (Fig. 1a). There was no increase in binding at
30 and 60 min (not shown). Second, the antibody level
influenced the immune adherence reaction (Fig. 1b); immune
adherence was demonstrated only in sera containing high levels
of anti-HBsAb, although immune complexes were formed in the
serum with the lowest antibody level, as assessed by retention of
the antigen by protein A-Sepharose. The equivalent point,
which corresponded to 300 ng antigen for 1 U of antibody,
would have been reached in a serum containing 3-3 U/ml under
the experimental conditions of Fig. 1b. Thus, immune adher-
ence was observed only for immune complexes formed in
antibody excess. Third, the level of immune complexes binding
at 15 min correlated directly with the CR1 number per
erythrocytes (Fig. Ic) (r=0-99, P<0-01), although reactions
were performed in large erythrocyte excess.
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Fig. 1. Immune adherence of HBsAg-Ab complexes in vitro in humans.
(a) Kinetics of the formation of immune complexes that bound to
erythrocytes: '2I-HBsAg was added to normal serum containing 100 U/
ml of anti-HBsAb and incubated for various periods of time at 37°C;
aliquots were removed and mixed with a suspension of erythrocytes (5%
in PBS-BSA 1%). The proportion of immune complexes bound to
erythrocytes was measured after an incubation time of 15 min at 22°C.
(b) Immune adherence as a function of specific antibody levels: the
HBsAg was added to human sera containing different anti-HBsAb levels
and incubated for 15 min at 37°C. The proportion of immune complexes
bound to erythrocytes was determined as above. (¢) Immune adherence
as a function of CR1 number per erythrocytes: the HBsAg was added to
normal human serum containing 100 U/ml of specific antibody and
incubated for 15 min at 37°C. Aliquots were mixed with erythroctyes
bearing different numbers of CRI, and the proportion of immune
adherent immune complexes determined as above (trypsinized erythro-
cytes served as negative controls).

Immune adherence and elimination of nascent HBsAg-HBsAb
complexes in vivo in rabbits
When injected into two non-immune rabbits, the '*I-HBsAg
was cleared at a slow rate (34 and 40%, in 2 h) (Fig. 2a) although
a small fraction of the HBsAg disappeared immediately (9 and
14%). The HBsAg remained free in plasma (Fig. 2b).

The fate of '*I-HBsAg was very different in the two immune
animals. A fraction (up to 38% in one rabbit) of the circulating
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Fig. 2. Elimination (a) and platelet binding (b) of circulating '’I-HBsAg
in immune (circles) and non-immune (squares) rabbits. The two immune
rabbits had, respectively, 3-3 U/ml (®) and 0-45 U/ml (O) of specific anti-
HBsAb. Values below the dashed line (5-8%) are not specific for immune
adherence (see Materials and Methods).

protein-bound radioactivity was recovered in the pellets after
centrifugation of the blood samples. Presumably, this HBsAg
was incorporated into immune complexes that had fixed
complement and attached to platelets. This sequence of events
was suggested by the following results. First, immune complexes
formed immediately in vivo. The HBsAg remaining in plasma
was shown to be complexed by rabbit IgG: when samples taken
at 1 and 6 min were analysed by SDGU, the position of the
HBsAg had shifted towards higher mol.wt fractions, indicating
that it was incorporated into a macromolecular complex. In
addition, more than 90% of the labelled antigen in the same
samples was retained by protein A-Sepharose. Second, that
nascent HBsAg-HBsAb complexes fixed complement and
bound to platelets in vivo was suggested by experiments
performed in vitro. When HBsAg was added into citrated blood
of an immune rabbit and incubated for 10 min at 37°C, a
fraction of the nascent immune complexes bound to platelets
(i.e. between 10 and 15% of the radioactivity was recovered in
the pellets). By contrast, the pellets of control experiments
contained always < 5-8% of the radioactivity (see Materials &
Methods).

As expected, nascent HBsAg-HBsAb complexes were elimi-
nated more rapidly than was free antigen, and this clearance was
faster in the rabbit with the higher antibody level.

Immune adherence and elimination of nascent HBsAg—HBsAb
complexes in vivo in humans

When injected into three non-immune subjects, the HBsAg was
cleared slowly (between 40 and 50% in 1 h) although a fraction
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Fig. 3. In vivo assays in humans. Elimination of circulating '2I-HBsAg
(a) and binding of immune complexes to erythrocytes (b) in three non-
immune (squares) and three immune subjects (circles). The three
immune subjects shown are those with the highest antibody level: ® = 50
U/ml (CR1 =186 receptors/erythrocytes); O =234-7 U/ml (CR1=487);
©=286 U/ml (CR1=601). The presumed effect of CR1 number/
erythrocytes on immune adherence was assessed by comparing the two
individuals with similar immune complexes elimination rates and
antibody levelsi.e. O and @. Values below the dashed line (2-5%) are not
specific for immune adherence (see Materials & Methods).

disappeared immediately (up to 25%) (Fig. 3a). This clearance
pattern was similar to that observed in non-immune rabbits. As
expected, there was no evidence of immune complexes forma-
tion (Fig. 4a), and the free HBsAg did not bind to erythrocytes
(Fig. 3b)

In immune subjects with a detectable level of anti-HBsAb,
the antigen was immediately incorporated (at 1 min) into
immune complexes. In the three individuals with the highest
antibody levels, there was an immediate shift on the SDGU of
15]-HBsAg (30S) towards very large molecular weight fractions
indicating the formation of immune complexes in plasma
samples taken up to 8 min after injection (Fig. 4b); this shift was
less marked in the other subjects with lower antibody levels. In
all seven individuals with detectable levels of specific antibody,
more than 90% of the '>I-HBsAg in the samples taken at 1 min
were retained by protein A-Sepharose.

A fraction (up to 24%) of circulating immune complexes
bound to erythrocytes in the three individuals with the highest
anti-HBsADb level (Fig. 3b), but not in the others in whom no
specific binding could be demonstrated (<2.5%; see Materials
& Methods). The percentage of circulating immune complexes
that were bound to erythrocytes increased during the first
minutes. The percentage of immune adherence could be com-
pared in the two subjects with almost identical antibody levels
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Fig. 4. Demonstration of immune complexes formation by SDGU in
vivo in humans. Size of '2’I-HBsAg in a non-immune (a) and an immune
(b) subject 4 min after i.v. injection of the antigen (O). Control: free 2°I-
HBsAg (m). The 'I-HBsAg shifted to higher mol. wt fractions in the
immune individual with an anti-HBsAb level of 50 U/ml. Bottom of the
gradient on the left.

(28:6 and 34-7 U/ml), immune complexes size and elimination
rates. Maximal immune adherence was higher (15 versus 8%) in
the subject with the higher number of CR1 per erythrocytes (601
versus 487) (Fig. 3b).

The elimination of the HBsAg (percentage cleared at 30 min)
correlated directly with the size of the immune complexes
formed (z=0-69, P<0-002), and with the specific antibody
levels (t=0-78, P<0-01).

DISCUSSION

The data presented here provide the first demonstration that, in
the circulation of humans, nascent immune complexes bind to
erythrocytes.

HBsAg was used for several reasons. The antigen is well
characterized and used in human immunization; thus it is safe
for experimentation in humans. The elimination rate of HBsAg
from the circulation is slow (< 50% in 1 h) and can be monitored
easily. This immune complexes model could be initially analysed
in vitro, and in vivo in rabbits. Lastly, many reports suggest that
HBsAg-HBsAb complexes may circulate in the blood stream
and deposit in tissues where they might be responsible for
inflammation (Gocke et al., 1970; Trepo et al., 1974; Hirschel et
al., 1977).

In the three immunized subjects with the highest anti-
HBsAD levels, the injection of HBsAg was followed by a
sequence of events similar to that seen in immunized rabbits:
immune complexes formed rapidly, and a fraction of the
circulating immune complexes became adherent to cells bearing
CR1, i.e. erythrocytes in humans. In vitro data indicated that
complement-independent binding of immune complexes was
negligible.

A series of observations merit attention. First, the immune
adherence reaction for nascent immune complexes was not
immediate (60-90 sec) as for pre-formed immune complexes
(Schifferli ez al., 1988; 1989) or for nascent DNA-anti-DNA
complexes formed in rabbits and monkeys (Edberg et al., 1987).
The delay in the immune adherence reaction was certainly not
due to insufficient complement or C3b receptors which were
both present in excess. It is likely that after the initial rapid
antigen-antibody interaction, some rearrangements in the
lattice of the complex have to take place to allow optimal
complement fixation.

The immune adherence reaction occurred in immunized
humans only in the presence of a large antibody excess, although
immune complexes had formed in all individuals with a
detectable level of specific antibodies. Whether this might be the
case for other types of immune complexes remains to be
explored, but this observation may be relevant to diseases where
immune complexes form in large antibody excess such as
bacterial endocarditis and shunt nephritis (Levy & Hong, 1973;
Kauffmann et al., 1981). We are aware that the fraction of
immune complexes bound to erythrocytes was small; however,
the immune complexes do not remain attached to erythrocytes
in vivo, there is a continuous exchange between bound and
unbound immune complexes (Schifferli ez al., 1988; Ng, Schif-
ferli & Walport, 1988). Thus it is possible that the immune
adherence reaction involved more immune complexes than the
small fraction detected at any given time. In addition, the
immune complexes which were transported by erythrocytes in
the circulation were probably those which would have been
most likely to induce tissue damage because of their size and
complement activating properties.

In vitro, the percentage immune adherence correlated with
CR1 number per erythrocytes. Not enough studies have been
performed in immunized humans to see whether CR1 is also a
limiting factor in vivo as shown for preformed immune com-
plexes (Schifferli et al., 1989). Such an analysis is further
complicated by the fact that each subject has antibodies with
different characteristics. However, it was interesting to see that
in the two subjects with similar antibody levels and immune
complexes elimination rates but different CR1 number per
erythrocytes, immune adherence was higher in the subject with
more CR1 per erythrocytes. Further studies are needed in order
to confirm this isolated observation.

We have shown that, in humans, immune adherence partici-
pates in the elimination of nascent HBsAg/Ab immune com-
plexes. To what extent immune adherence will prevent the
localization of immune complexes in tissues outside the fixed
macrophage system remains to be determined.
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